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PREFACE TO THE SECOND EDITION 


The preparation of the second edition of Theory and Applications of 
Electron Tubes’’ was prompted by two principal considerations. The 
first, and probably more important, of these was the necessity of bringing 
the book up to date as regards the principal new developments of the past 
five years in the field which it covers. Although the press of other 
work connected with the defense and war efforts has made it impossible 
for the author to make an exhaustive search of the literature of this 
period, he believes that the most important subjects have been adequately 
treated. 

The second factor that led to the preparation of the new edition was 
the desirability of incorporating improvements in presentation that have 
been suggested or that have suggested themselves during five years of use 
of the book in college courses. Much of the material has been rear- 
ranged, and the chapter on Modulation and Detection and that on 
Oscillators have been to a considerable extent rewritten. A few changes 
in symbols or definitions have appeared to be desirable. In response to 
many requests, problem answers are included in the new edition. 

The author of a book in a field that develops as rapidly as that 
covered by this book is faced with the difficulty of keeping the book up 
to date without increasing the size unduly. Probably the best judges of 
what material should be eliminated or added are the instructors in the 
courses in which the book is used as a text. The author will welcome 
suggestions and criticisms. 

Herbeet J, Reich. 

CAMBRiuaE, Mass., 

August, 1944, 



PREFACE TO THE FIRST EDITION 


Electron tubes^ which have made possible the rapid development of 
radio to its present state of refinement, have been assuming an increasing 
importance in power control and transmission, in manufacturing, in the 
home, and in the various bi’anches of engineering and scientific research. 
The rapidly growing field of application of electronic devices has necessi¬ 
tated the addition of courses in theoretical and applied electronics to 
engineering and scientific curriculums. The need for a single book to 
assemble and coordinate our present knowledge of the theory and applica¬ 
tion of electron tubes led to the writing of this book. 

The book is intended to give the student a sufficiently thorough 
grounding in the fundamental principles of electron tubes and associated 
circuits to enable him to apply electron tubes to the solution of new 
problems. The author has not attempted to discuss all applications of 
tubes to special problems but rather to cover basic principles and typical 
applications. Since it was not his purpose to write a treatise on the 
subject of applications of electron tubes, Class C amplification and the 
design of radio transmitters and receivers, which are adequately treated 
in books on radio engineering, have not been taken up. The basic 
principles that are presented, however, are applicable to radio engineering 
problems, as well as to industrial electronics, power control, electrical 
measurements, and other fields of use of tubes. Although written 
primarily as a text for college students, it is hoped that it will also prove 
to be of value to practicing engineers as a reference book. 

The book is based upon mimeographed notes that have been used in 
the author^s courses on electron tubes during the past five years. These 
notes have been kept up to date and have been revised as use in the, 
classroom has indicated where improvement could be made. 

A problem encountered in the preparation of the manuscript was the 
choice of symbols. In the main, the symbols used are those which have 
been standardized by the Standards Committee of the Institute of Radio 
Engineers. Although the use of the symbols e and E for the voltage of 
tube electrodes is in agreement with the practice of most writers on the 
subject of electron tubes in the United States during the past twenty- 
five years, it is not in agreement with the symbols standardized by the 
American Institute of Electrical Engineers nor with those used in Eng¬ 
land. Since the basic symbols that are used in this book have already 
been standardized by the Institute of Radio Engineers, the author 
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PREFACE TO THE FIRST EDITION 


feels that it would be a mistake to set up new symbols now. Because 
of the very large number of symbols that must be used in the analysis of 
tubes, difficulties are invariably encountered, regardless of the system 
of nomenclature that is adopted. 

The series expansion for electrode currents has been made the basis 
of the analysis of the operation of high-vacuum tubes and associated 
circuits. In order to justify the use of the series expansion and several 
other very useful equations, the outlines of their derivations are included. 
The student will not be seriously handicapped by the omission of these 
derivations. Because the author believes that a thorough understanding 
of the principles of detection and modulation is of great value in the study 
of distortion in amplifiers, the chapter on detection and modulation 
precedes those on amplification. The arrangement of subject matter is 
such, however, that little diflficulty will be experienced by the student 
if this chapter is studied after those on amplifiers. Equivalent-circuit 
and graphical methods of analysis are stressed throughout the book. 

H. J. Reich. 

Urbana, III., 

November, 1938. 
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THEORY AND APPLICATIONS 
OF ELECTRON TUBES 


CHAPTER 1 
PHYSICAL CONCEPTS 

An electron tube is a device consisting of a number of electrodes 
contained within a totally or partly evacuated enclosure. The useful¬ 
ness of such a device arises from its capacity to pass current, the magni¬ 
tude of which be controlled by the voltages of the electrodes. As 
suggested by the term electron tube, the operation of all types of elec¬ 
tron tubes is dependent upon the movement of electrons within the 
tubes. The electron, which is the smallest known particle, has a mass 
of 9.03 X 10"^^ g and a negative charge 8 of 16 X 10'^° coulomb or 
4.8 X (^.s.u. The operation of many types of electron tubes also 
depends u|)()n the separation and motion of other elementary particles 
of whi(di matter is composed. For this reason a brief discussion of the 
fundamental processes governing the behavior of those elementary 
particles is of value in the study of electron tubes and their applications. 

1-1, Excitation, Ionization, and Radiation. —The mass of the electron 
is greatly exc(u;ded l)y that of an atom, the lightest atom, hydrogen, 
having a mass iipproximatoly eighteen hundred times that of the electron. 
The major i)ortion of the mass of an atom is accounted for by the nucleus, 
a stal)le asseml)Iage of charged and neutral particles having a net positive 
charge (Kpial to tlu^ atomic number of the element. The atom also 
contains relatively loosely bound electrons, normally equal in number 
to its atomic^ number. The normal atom is therefore neutral 

Exi)eriments show tlmt, in addition to possessing kinetic energy, 
an atom is capable of absorbing energy internally. The internal energy 
appears to be associated with the configuration of the particles of which 
the atom is composed. The internal energy can be altered only in 
discrete quantities, called quanta, and hence the atom can exist only in 
definite stable states, which, are characterized by the internal energy 
content. Under ordinary conditions am atom is most likely to be in that 
state in which the internal energy is a minimum, known as the normal 
sf/iie. If the internal energy of the atom exceeds that of its normal state, 
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it is said to be excited. Excitation may be caused in a number of ways, 
among which is collision of the atom with rapidly moving positive 
or negative particles, which may give up some or all of their kinetic 
energy to the atom during the collision. A limiting case of excitation is 
ionization, in which the energy absorbed by the atom is sufficient to 
allow a loosely bound electron to leave the atom against the electrostatic 
force which tends to hold it within the atom. An atom that has lost 
one or more electrons is said to be ionized and is one type of positive ion. 
It is possible for excitation or ionization to take place in successive steps 
by the absorption of two or more quanta of energy. 

The return of an excited atom to a state of lower energy content 
is usually accompanied by electromagnetic radiation. Since the energy 
of the atom can have only discrete values, the radiated electromagnetic 
energy corresponding to a change from one given energy state to another 
of lower energy is always associated with the releasing of a definite 
quantum of electromagnetic energy, called a photon. The frequency 
of the radiated energy is determined by the relation IFi — Wz = hv, in 
which Wi and W 2 are the values of the internal energy of the atom in the 
initial and final states; h is a universal constant called Planclds constant, 
6,55 X erg-sec; and r is the frequency of the radiated energy in 
cycles per second. From the form of this relation it is seen that the 
quantity hu is the energy of the emitted photon. Each line of the emis¬ 
sion spectrum of an element represents the transition of atoms of the 
element from some energy state to another of lower internal energy. 

In interacting with atoms and molecules, photons exhibit some of the 
characteristics of material particles, a photon behaving as though it 
were a bundle of energy. The collision of an atom with a photon whose 
energy is equal to the required change of internal energy may result in 
excitation of the atom. If the energy of the colliding photon is ecpial 
to or greater than that necessary to remove an electron from the atom, 
the collision may result in ionization of the atom. 

A number of attempts have been made to give a picture of the struc¬ 
ture of atoms that will account for the phenomena of excitation, ioniza¬ 
tion, and radiation. The most successful of these, proposed l)y Bolir, is 
based upon the assumption that one or more electrons move about the 
central nucleus of an atom in a manner similar to the motion of the planets 
about the sun. To account for the observed definite values of internal 
energy, it was assumed that the electrons can move only in certain 
orbits and that the internal energy of the atom is increased when one 
or more electrons are abruptly displaced from given oi'bits to others at a 
greater distance from the nucleus. Radiation was assumcxl to result 
when one or more electrons jump from given orbits to others nearer to 
the nucleus. Any such picture is valuable principally in its ability 
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"to explain observed phenomena and to predict others. The complexity 
of atoms containing more than two orbital electrons limited the usefulness 
of the Bohr picture of the atom to the hydrogen and helium atoms. 

The phenomena of excitation, ionization, and radiation are also 
oToserved in molecules. Because of the greater complexity of molecules, 
a.xid the fact that their internal energy is partly associated with the 
‘vibrational and rotational motion of the atoms of which they are corn- 
loosed, a molecule has many more stable states than an atom of the same 
olement. 

1-2. Electron Volt.—Since the energy that a charged particle acquires 
in free space when accelerated by an electric field is equal to the product 
of the charge by the difference of potential between the initial and final 
p>ositions, the difference in potential may be used as a measure of the 
^nin in kinetic energy. Any quantity of energy may, in fact, be expressed 
in electron volts.” An electron volt is the amount of energy gained by 
nn electron when accelerated in free space through a difference of potential 
of 1 volt. It is often convenient to express in electron volts the energy 
^required to ionize or excite atoms or molecules. 

1-3. Excitation and Ionization Potentials.—An excitation 'potential 
is the energy, expressed in electron volts, that must be given to an atom 
or molecule in order to cause a transition from a given state to one of 
Blither internal energy. An ionization potential is the least energy, 
oxipressed in electron volts, that must be supplied to a normal or an 
ionized atom or molecule in order to remove an electron from the atom or 
molecule. Inasmuch as all atoms but hydrogen contain more than one 
oloctron, an atom or molecule may, in general, have more than one 
i oxiization potential. The first ionization potential applies to the removal 
of an electron from a normal atom or molecule; the second ionization 
l>otential applies to the removal of a second electron from an atom or 
ixnolecuile that has already lost one electron; etc. A less likely type of 
ionization is the simultaneous removal of two or more electrons. Table 
1 -I lists the first ionization potentials of some of the elements that are 
11 .sod in electron tubes. It should be noted that when ionization or 
c’sxioitation potentials are expressed in electron volts they indicate the 
ixiiiumum voltage that must be applied between two electrodes in order 
bo cause ionization as the result of acceleration of electrons or other 
si ugly charged particles by the resulting field between the electrodes. 


Tabi.c 1- 

I.—Fihst Ionization Potion'i 

:tals in 

Electeon Volts 


A T’-j^r'OTi . . 

15. ()0 Mitrogon. , . 

14.48 

SodiiiTYi . 

. 5.12 

fsJbAon. 

21.47 Carbon dioxide. 

14.4 

Itubidiani. 

. 4.16 

I Torl UllU. 

24.45 Mercury. 

10.38 

Cesium. 

. 3.87 

I-I'yclrogen. 

13.53 Lithhim. 

5.37 

Magnesium. 

. 7.61 

Oxygm. 

13.55 PotasBiuxn. 

4.32 

Barium. 

. 5.19 
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1-4. Ionization.—The positively charged mass resulting from the 
removal of one or more electrons from an atom is only one of many types 
of ions. In general, an ion is an elementary particle of matter or a small 
group of such particles having a net positive or negative charge. Atoms 
or molecules that have- lost one or more electrons, or that have picked up 
one or more extra electrons, and simple or complex groups of a number of 
atoms or molecules bearing excess positive or negative charge, are special 
examples of ions. This definition of an ion also includes such relatively 
simple particles as the electron and other elementary charged particles 
of which atomic nuclei are composed. The process of ionization, broadly 
defined, is the production of ions in gases, liquids, or solids. It may result 
from a number of causes, among which are 

1. Collision of atoms or molecules with 

a. Electrons. 

h. Positive or negative ions of atomic or molecular mass. 

c. Excited atoms or molecules. 

2. Collision of atoms or molecules with photons (photoelectric effect). 

3. Cosmic radiation. 

4. High temperatures in gases or vapors. 

5. Chemical action. 

1-6. lonizatioii by Moving Electrons.—One of the most important 
causes of ionization in electron tubes is the collision of rapidl^y moving 
electrons with atoms or molecules. In order that a single moving ele(d.ron 
may ionize an atom or molecule it is necessary that the kinetic; energy 
of the electron be at least equal to the first ionization potential of 
the atom or molecule. It is sometimes observed, however, that ions 
appear in a gas or vapor when the bombarding electrons have energy 
corresponding to the first excitation potential. The explanation of this 
is that the atom may be ionized in steps, each successive impa.(;t by an 
electron supplying sufficient energy to cause a transition to a state; of 
higher energy. Thus, although the first ionization potential of n\{;r(;ury 
is 10.38 electron volts, ionization of mercury vapor by moving (decirons 
begins when the colliding electrons have energy corresponding to the 
lowest excitation potential, 4.68 electron volts. Other more c(>mi)licated 
processes may produce similar results. Precise measurements show that 
the voltages at which moving electrons begin to ionize a gas or vapor are 
very sharply defined. 

1-6. Ionization by Positive Ions.—Ionization by positive ions is a 
more complicated phenomenon than ionization by electrons. One 
reason for this is that a positive ion which strikes a neutral atom or 
molecule is able to surrender not only its kinetic energy but also some 
or all of its own energy of ionization, thus reverting to a state of lower 
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internal energy. A collision in which an ionized or excited atom or 
molecule transfers all or part of its energy of excitation to another atom or 
molecule is known as a collision of the second kind. The transferred 
energy may be used to excite or ionize the unexcited particle or may be 
converted into kinetic energy of one or both particles. In a mixture of 
gases a bombarding positive ion of one of the gases may ionize a neutral 
atom or molecule of the other, the difference in energies of ionization 
being supplied by or added to the kinetic energies of the two particles. 
Because of conservation of momentum, the large mass of the positive 
ion also complicates the process of ionization by positive ions. Ionization 
by bombardment of positive ions requires higher accelerating potentials 
than by electrons, and the potentials at which ionization begins are not 
sharply defined. 

1-7. Amount of Ionization.—^The ionization potential is a measure 
only of the minimum kinetic energy, below which a moving ion cannot 
ionize a normal atom or molecule by a single collision. It does not follow 
that every electron that acquires this amount of energy will necessarily 
ionize a gas through which it moves. The likelihood of ionization, which 
differs for different gases, is a function of the energy of the bombarding 
particles. The amount of ionization produced in a gas or vapor by 
charges that are accelerated by electric fields in the gas may be most 
conveniently specified by the ionization coefficient. The ionization coeflBi- 
cient is defined as the number of ionizing collisions made by an ion per 
centimeter of advance through the gas. It differs for different gases and 
for different types of ions and is a function of the gas pressure and the 
electric field strength. The ionization factor varies with electric field 
strength, becaute increase of field strength increases the energy acquired 
l)y an ion between collisions. It varies with gas pressure because increase 
of gas deiusity increases tlic likelihood that an ion will strike a gas particle 
in a given distance, but decreases the distance it moves and hence the 
energy it acquires between successive collisions with gas particles. 
Because of those conflicting effects, the ionization factor passes through 
a, maximum value as the pressure is raised from a low value. 

1-8. Photoionization.—In its narrower sense, the photo-electric effect 
is tlic release of electrons from the surface of a solid by light or other 
electromagnetic radiation. In its broader sense the photoelectric effect 
is the ionization of an atom or molecule by collision with a photon and 
may take place not only at the surface of a solid, but throughout a gas, 
liquid, or solid. The photoelectric effect and its applications will be 
discussed in detail in Chap. 13. The principles that govern ionization 
by collision also apply to pliotoelcctric ionization. The energy of a single 
incident plioton hv must be at least equal to the first ionization potential 
of the atom. Impact of pliotons with atoms results not only in ionization 
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but also in excitation. Ionization may occur in successive steps by a 
rapid sequence of impacts of successive photons. Excitation by photons 
is the inverse process to radiation, just as collision of the second kind is 
the inverse phenomenon to excitation or ionization by collision. Absorp¬ 
tion spectra are an indication of the conversion of radiant energy into 
energy of excitation or ionization. 

The frequencies of photons capable of ionizing most elements lie out¬ 
side of the visible spectrum. The exceptions to this rule are the alkali 
metals, which are therefore used in light-sensitive electron tubes. 

1-9. Ionization by Cosmic Rays. —The exact constitution of cosmic 
rays is still the basis of much scientific controversy. All experiments 
seem to indicate, however, that the primary source is outside of the earth 
and its atmosphere. They appear to be either electromagnetic radiation, 
of very short wave length, or charged particles that move with extremely 
high velocity. Ionization by cosmic rays at the surface of the earth 
results mainly from secondary rays formed in the outer atmos|)liere and 
appears to consist of both photoelectric ionization and ionization by 
collision. It is of importance in connection with glow and arc discharges 
because it is one of the sources of initial ionization that is necessary to the 
formation of glows in cold-cathode discharge tubes. 

1-10. Space Charge and Space Current. —A group of free charges in 
space is called space charge. If the charge is of one sign only or if the 
density of charge of one sign in a given volume exceeds that of the other 
sign, the charge will give rise to an electrostatic field. The relation 
between the net charge within a volume and the resulting electrostatic 
flux is given by Gausses law, which states that the electric flux through 
any surface enclosing free charges is equal to iw times the sum of tlie 
enclosed charges.^ 

The movement of free charges in space constitutes a current, called 
space current The current per unit area is equal to the product of the 
charge density and the velocity normal to the area. The conventional 
direction of current is in the direction of the motion of positive charges 
and opposite in direction to the motion of negative cliarges. 

1-11. Deionization. —The rapid disappearance of the products of 
ionization is necessary for the proper functioning of certain types of 
electron tubes containing gas or vapor. The removal of ions from a 
volume of gas or vapor takes place in four ways: 

1. Volume recombination. 

2. Surface recombination, 

3. Action of electric fields. 

4. Diffusion. 

iPAGE, L., and Adams, N. I., “Principles of Electricity/' pp. 18 , 41 , I). Van 
iMostrand Company, Inc., New York, 1931. 
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There is good experimental evidence that the direct recombination 
of electrons with positive ions is of relatively rare occurrence in electrical 
discharges. Volume recombination results mainly from the attachment 
of electrons to neutral gas molecules to form the heavier and slower- 
moving negative ions, which subsequently combine with positive ions. 
The likelihood of attachment of electrons to neutral molecules decreases 
with increase in temperature, decrease in pressure, and increase in field 
strength. The rate of recombination of positive and negative ions is 
proportional to the product of the two ion densities, the constant of 
proportionality being called the coefficient of recombination. The coeffi¬ 
cient of recombination is different for different gases. 

Surface recombination occurs at conducting walls of the tube that 
contains the ionized gas, at the electrodes, and at surfaces of any other 
conducting solids that project into the ionized gas. Recombination 
takes place as the result of charges of opposite sign that are induced 
on conducting surfaces or pulled out by strong fields at the surfaces. On 
insulating surfaces or on conductors that are electrically isolated, charges 
may also accumulate and build up an electric field that repels charges of 
the same sign and attracts those of opposite sign. Surface recombination 
is one of the main factors affecting deionization in glow- and arc-discharge 
tubes and in circuit breakers of the deiontype. 

The electric field in the vicinity of the electrodes carries ions to the 
electrode surfaces, where surface recombination may take place. Within 
the main i;)art of the gas, the electric field can change the ion density in a 
given small volume only if the ion density is not uniform throughout the 
tube, or at least in the vicinity of the volume under consideration. If 
the ion density is uniform, the field will sweep as many new ions into one 
side of the volume as it removes from the other. If an ion density 
gradient does exist, the action of the field may either increase or decrease 
tlie density in the given volume. An example of deionization by electric 
fields is the removal of ions in glow- and arc-discharge tubes when applied 
potentials are reduced below the value necessary to maintain a glow 
or arc. 

Diffusion of ions results from the fact that ions, like gas molecules, 
liave a random motion which carries them from point to point. If the 
ion density in an element of volume is greater than in adjacent elements, 
then on the average more ions leave the given element than enter it; if, 
on the other hand, tlie ion density is uniform throughout the region under 
consideration, then on the average just as many ions enter a given ele¬ 
ment of volume in unit time as leave it. Thus, deionization by diffusion, 
like deionization by electric fields, is dependent upon nonuniform density. 
Because of surface recombination and nonuniform production of ions 
throughout the tube, ion density differences are set up in glow- and arc- 



8 


APPLICATIONS OF ELBCTRON TUBES 


[CUiAP. i 


discharge tubes which enable diffusion and electric fields to be effective 
deionizing agents. 

1-12. Free Electrons in Metals. Electron Affinity. —Some of the 
electrons of metallic atoms are very loosely bound to the atoms. When 
groups of such atoms are massed together into solids or liquids, the loosely 
bound electrons can readily pass from atom to atom. Because of their 
random temperature velocity these free electrons are constantly moving 
about within the mass, and, although at some particular instant they may 
be loosely bound to particular atoms, on the average they experience no 
force in any particular direction. It is these electrons that make metallici 
conduction possible and that play indispensable roles in thermioni(‘. 
emission. 

An electron that happens to pass through the surface of the metal in 
the course of its random motion will, while it is still close to the surfacte, 
induce a positive charge on the surface of the metal. This induced charge 
results in a force that tends to return the electron into the metal, tlu^ 
so-called image force. In order to escape from the metal the electron 
must give up a certain amount of kinetic energy. The kinetic energy 
that an electron loses in passing through the surface of a metal and far 
enough away to be beyond the range of the image forces is called the 
electron affinity of that metal and is represented by the symbol w. 

The electron affinity is different for different materials and vari(\s 
greatly with the condition of the surface and with impurities contained 
in the substance, particularly at the surface. Schottky has shown 
theoretically that the electron affinity should be reduced by strong 
electric fields at the surface and that it should vary from point to point 
on a given surface because of microscopic irregularities, being sinalhir at 
projections and larger in hollows.^ Table l-II lists representative vahu\s 
of electron affinity for a number of metals commonly used in electron tubes. 


Tabi.e 1-IL— Electron Affinity w in Ei^ectron Voi/rs 


Tungsten. 

Platinum. 

.4.52 

. 5.0 

Magnesium. 

. 2.7 

4 0 

q^antaluin. 

.4.1 

Sodium. 

. 1.9 

Molybdemiin. 

.4.3 

Mercury. 

. 4.4 

Carbon. 

. 4.5 

Calcium.. 

. 2.5 

Copper. 

. 4.0 

Barium. 

. 2.0 

Thorium. 

. 3.0 

Thorium on tung.st(m. 

. 2.(): 


Oxidc-coated nickel.... 0.5 to 1.5 


1“13. Contact Difference of Potential.- —A potential difhrrencc^, 
called contact difference of potential, exists between the surfaces of two 

1 Schottky, W., Physik. Z., 12, 872 (1914), 20, 220 (1919); Ann. Physik, 44, 1011 
(1914); Z. Physik, 14, 63 (1923). 

2 An interesting discussion of contact potential and oilier small cvfTetdivc^ (‘k^cirodo 
voltages is given by E. M. Bowie, Proc. I.R.E., 24, 1501 (193{>). 
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different metals that are in contact or are connected through an external 
circuit, as shown in Fig, 1-1. Contact difference of potential results from 
the fact that the electron affinities of the two metals differ. It is very 
nearly equal to the difference between the electron affinities divided by 
the charge of an electron. To prove this, suppose that an electron starts 
from any point a close to the surface of one of the metals, passes into this 
surface, thence around the circuit, and out through the surface of the 
second metal to any point h close to its surface. In passing into the first 
metal the electron does work equal to —the electron affinity of that 
metal. In crossing the junction between the metals it does a small 
amount of work because of the Peltier potential difference, which always 
exists at the junction of two different metals and which is also a function 
of the electron affinities of the metals. In passing out of the surface 
of the second metal it does work equal to w^, the electron affinity of that 
metal. If the small amount of energy that the 
electron loses as the result of impacts with atoms 
and molecules in the metals (1^12 loss) is neglected o 
and the Peltier potential difference is called Fp, 
the total amount of work done is 6 Fp + -teg ~ Wi, 
where S is the charge of an electron. 8Fp may 

be shown to be small in comparison with w% — wi, i-i.—Production 

and so the work done is approximately Wti — Wi. of contact difforcuujo of 
Since the potential difference between two points eqmi^olocto 
may be defined as the work done in moving a 
unit charge between the points, it follows that a difference of potential 
approximately equal to — Wi)/S, exists between any two points a and 
b close to the surfaces of the two metals. If the connection between the 
metals is made through an external circuit containing one or more addi¬ 
tional metals, the proof is altered only in respect to tlie additional 
Peltier potential differences, which are negligible. 

Inasmuch as the various electrodes in electron tubes may be made of 
different metals, contact potentials may exist. The contact potential 
differences may be of the order of 1 to 4 volts, as seen from Table l-II, 
and must sometimes bo taken into account when applied voltages are 
small or when high accjuracy is necessary in the analysis of electron tul)c 
behavior. 

1-14. Emission of Electrons and Other Ions from Solids.—Tlio 
presence of ions in a given volume may restilt not only from ionization 
processes in that volume but also from the introduction of ions produced 
or existing elsewhere. The mechanism by wdiicli ions are introduced 
may be diffusion, action of electric fields, or the emission of electrons or 
positive ions from the surfaces of solids or liquids. There are five ways 
in which ions may be emitted from the surfaces of solids or liquids: 
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1. Thermionic emission. 

2. Photoelectric emission. 

3. Secondary emission. 

4. Field emission. 

5. Radioactive disintegration. 

Thermionic and photoelectric emission -will be discussed in detail in 
later chapters and therefore need no further consideration at this 
point. 

Secondary Emission, —When ions or excited atoms impinge upon 
the surface of a solid, electrons may be ejected from the surface. These 
are called secondary electrons, and the phenomenon is termed secondary 
emission. Some secondary emission as the result of electron bombard¬ 
ment appears to take place when the energy of the impinging electrons 
is less than the electron affinity of the emitter. For this reason it seems 
likely that the energy that makes possible the escape of a secondary 
electron is obtained not only from the impinging electron, but also from 
the thermal energy of the emitter. The number of secondary electrons 
ejected per primary electron increases with the velocity of the primary 
electrons and may become great enough to have an appreciable effect 
upon the behavior of electron tubes at accelerating voltages as low as 
5 to 10 volts. At several hundred volts the emission passes through a 
maximum and then continues to fall with’further increase of accelerating 
voltage. This may be because the primary electrons penetrate farther 
into the solid and transfer most of their energy to electrons that are so 
far from the surface that they collide with atoms or molecules before 
reaching it. The number of secondary electrons emitted per primary 
electron is in general higher for surfaces having a low electron affinity. 
It also depends upon the condition of the emitting surface, being reduced 
by degassing the emitter and by carbonizing the surface. A single 
primary electron may eject as many as 8 or 10 secondary electrons, d'he 
primary electrons may be absorbed, reflected, or scattered by the surface. 
The number of secondary electrons released by a single impinging 
particle is less for positive-ion bombardment than for electron bombard¬ 
ment, and emission does not appear to take place unless tlie energy 
of the impinging ions exceeds the electron affinity of the emitter. The 
phenomenon of secondary emission is an important one in all types of 
electron tubes. 

Field Emission. —Field emission is the emission of electrons as the 
result of intense electric fields at a surface. It is probably an important 
factor in the operation of certain types of arc discharges. The field 
strengths required to pull electrons through surfaces at ordinary tempera¬ 
tures are so great that the phenomenon is difficult to produce by direct 
means. 
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'Emission Resulting from Badioactive Disintegration. —Th(i (muHsiou 
of positive or negative ions in the disintegration of radioactive .sub.staiHics 
is of importance in glow- and arc-discharge tubes because the prescirua* 
of minute traces of radioactive materials in the tube walls aiul (dectnxlcs 
may thus produce a small amount of residual ionization, wliich makes 
possible the initial flow of current. 

1-16. Electron Dynamics.—The motion of ions, including electrons, 
is governed by the same laws as the motion of larger masses that can Ixi 
observed directly. Analyses of the dynamics of masses are bascid 
marily upon Newton’s second law, which may be stated symboliciilly 
by the equation 

f = ma (1-1) 

in which / is the force in dynes acting upon a mass of m grams and a 
is the resulting acceleration in centimeters per second per .second. Aside 
from forces resulting from the collision of charged partitdes witli otluu’ 
charged or uncharged masses, the forces acting upon charged particles 
are electrostatic and electromagnetic. An electric or a nuigruMc. field is 
said to exist in a region in which electric or magnetic for(!e,s, respectively, 
act. The electric intensity (electric force) at any point is a v(!ctor quantity 
which is given, both in magnitude and in direction, by the forcus (mechan¬ 
ical) per unit positive charge which would act on a chargtHl pjirticle 
placed at this point. The magnetic intensity (magnetic foreP) a,t a i)oint 
may be defined as the vector quantity which is measured in magnitude 
and direction by the force (mechanical) that would be exerted on a unit 
magnetic pole placed at the .point. 

1-16. Motion of an Electron with Zero Initial Velocity in a Uniform 
Electric Field.—In the simplest case commonly eneountered in (dt'c.tron 
tubes, the electrostatic force acting upon an ion results from tlie api)lie,a- 
tion of a potential difference to two parallel plane elcaitrodc^s whosci 
area is large in comparison with their separation. 1'lxc.ept n(‘ar tlu» 
edges, the electric intensity between such plates is constant throughout 
the space between them. Since dilTerence of j)otentiaI betweem two 
points may be defined as the work done in moving a unit cliarge Ixdvvt'en 
the points, it follows that the potential difference is etpial to 

^ = fg D dx e.s.u. (statvolts) = SOO F dx volts (1-2) 

where F is the electric intensity in e.s.u. and d is th(^ ehmtrode siiacirvg in 
centimeters. Since F is constant, 

E = F dz = Pd 


e.s.u. 


(1-3) 
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and 

ju 

p = e.s.u. (1-4) 

The force exerted upon an electron between two such plates is equal 
to the force exerted upon a unit charge times the charge of the electron: 

j. I 

/c = -J- dynes (1-5) 


where E is expressed in e.s.u. (statvolts), 8 in e.s.u. (statcoulombs), 
and d in centimeters. It follows from Eqs. (1-1) and (1-5) that the 
acceleration of the electron is 


CLq 


fe _ 

me med 


cm/sec^ 


(1-6) 


in which is the mass of the electron in grams. Since, by definition, 
acceleration is the rate of change of velocity, the velocity at any instant 
after the electron starts moving under the influence of the field is 


V, = 



E& p ^ jBSi 

m.,d Jo ^ md 


cm/sec 


(1-7) 


The distance moved by the electron in the time t is 


Jo md Jo 


"‘-S'’ 


cm 


(1-8) 


From Eq. (1-8) it follows that the time taken for the electron to move 
from one electrode to the other under the sole influence of the electric 
field is 


/2m„ 

fs 


sec 


The velocity with which it strikes the positive plate is 

E&ta /2 
md \ 


I 2ES 

Me 


cm/sec 


(1-9) 


(1-10) 


The energy with which it strikes and which is converted into heat in the 
positive electrode is 

K.E. = = ES ergs (1-11) 

Equation (1-11) might have been obtained directly, since the difference 
of potential between the electrodes is the energy acquired by a unit 
charge moved under the sole influence of the field and, if the charge 
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does not collide with other particles on the way, this energy can appear 
only in kinetic form. 

1-17. Motion of an Electron in a Uniform Electric Field- Initial 
Velocity Parallel to the Field.—If an electron leaves one of the plates 
with initial velocity Va parallel to the field, the velocity at any instant 
thereafter is 

= 'D^ + act cm/sec (1-12) 

in which the minus sign is used if the direction of the electric force is 
such as to reduce the initial velocity. The distance moved in the time t is 

s = (va ± aci)dt = Vot ± i-aet^ cm (1-13) 


If the field reduces the initial velocity, the maximum distance moved 
can be found by differentiating Eq. (1-13). The time taken for the 
electron to move tlirough this distance is found by equating d^/dt to zero. 



0 = 

ds _ 
dt 

(l-U) 


tmax ^ 

% 

sec 

a. 

(1-15) 



VcY 

a*. 2ttr 2a,, 

(l-K)) 

Idle ele(*-tron will i 

•ea,ch th(^ 

second electrod(‘, if 




2a,, 2K¥, '" = ''' 

(1-17) 

that is, if 



(1-18) 


Equation (1-18) follows dirc^ctly from tlu^ law of conservation of (mergy, 
since the electron can reach the second elecda’ode only if its initial kinetics 
energy equals or exceeds the energy it world lose in moving 

between the electrodes, i.c., E&. 

It also follows from the law of energy consenwation that energy gained 
by a charged particle while moving in vacuum under the action of an 
electric field must be Bupplied by the source of potential applied to the 
electrodes. Conversely, energy given up by an ion in moving in an 
electric field is returned to the source, or converted into Pli loss in con¬ 
ductors joining the elcvd-rodes to the source, or into heat of impact if the 
electron strikes an ele(‘.trode or other surface. 

1-18. Motion of Electrons in Nonuniform Electric Fields.—In general, 
the electric intensity in electron tubes is not uniform, and so the integra¬ 
tion of Eqs. (1-2), (1-7), (1-8), and (1-13) is less simple. When space 
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charge becomes appreciable, the motion of individual electrons is also 
affected by the fields set up by other electrons. This important 
phenomenon will be discussed in detail in Chap. 2. 

Inspection of the methods used in deriving Eqs. (1-5) to (1-18) shows 
that the equations may be applied to other ions than electrons by making 
suitable changes in the values of charge and mass. 

1-19- Importance of Transit Time.—The time taken for electrons 
and other ions to move between electrodes is so small that it may be 
neglected in many analyses of the operation of electron tubes (see Probs. 
1-1 and 1-2). * It cannot be neglected, however, when the electrode 
voltages alternate at frequencies so high that the time of transit is of the 
same order of magnitude as the periods of the voltages. It is also of 
importance in the study of the deionization of gas- or vapor-filled tubes. 

1-20. Electric Field' Normal to Initial Direction of Motion.—Up to 
this point it has been assumed that the initial velocity of the electron is 



Fig. i-2. —Deflection of electron beam by electric field. 


parallel to the electric field. Under this assumption there is no change 
in the direction of motion in vacuum. In cathode-ray oscillograph and 
television tubes, electron beams are deflected by electric fields perpen¬ 
dicular to the initial direction of motion. The arrangement is essentially 
that shown in Fig. 1-2. Electrons enter the space between the deflecting 
electrodes with a velocity Vo parallel to the electrode surfaces, and are 
deflected by the electric field between the electrodes, which have a 
length I, a separation d, and a potential difference E. 

The acceleration produced by the field is normal to the initial velocity 
and its magnitude is given by Eq. (1-6) as E^jmed cm/secl Since the 
velocity normal to the electric field remains constant, the time taken for 
an electron to move through the deflecting field, which is assumed to be 
uniform between the plates and zero on either side, is l/vo. The vertical 
displacement at the point where the electron leaves the plates is given 
byEq. (1-8). It is 


M ^2 ^ 

2med 2v/med 


cm 


(1-19) 


The vertical velocity when the electron leaves the deflecting plates 
is given by Eq. (1-7) 
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E8t ^ Ee>i 

Vomed 


cm/sec 


( 1 - 20 ) 


The horiisontal velocity, which is unaffected by the field, is still Vo. 
Therefore, the final direction of motion makes an angle with the initial 
direction given by the relation 


tan (9 = — 
Vo 


ESI 

v/md 


( 1 - 21 ) 


But by Eq. (1-19), 


1 

ll VoHnd 


tan 6 


(1-22) 


Examination of Pig. 1-2 slxows, therefore, that after deflection the 
electrons move as though tliey had passed through a point midway 
between and midway along the deflecting plates. 

1-21. Motion of an Electron in a Magnetic Field Normal to the 
Initial Velocity.—Like a current-carrying conductor, an electron moving 
normal to a magnetic field experiences a force perpendicular to the field 
and to the direction of motion of the charge. The magnitude of the 
orce is given by the relation 


//,, == Bldv dynes (1-23) 

in whi(*h B is the flux density in gauss, 1/ is tlic cliarge of an electron in 
electromagnetic units, and v is the velocity in centimeters per second. 

If the electronic charge is expresvsed in e.s.ii., Eq. (1-23) may also be 
written 

/a = 3 -^foio (1-24) 


The action of a magnetic field differs from that of an electric field in 
that the force on a moving charge in an electric field is always parallel 
to the field, wliereas the force on a moving (diargc^ in a magnetic field is 
normal to the field and to the instantaneous v<d()city. If an electron 
enters a uniform .magneti<i field with an initial velocity Va normal to the 
field, it will l)C dc(lc(;ted ad. right angles to the field l)y the force Bl/Vo 
dynes. Since tlic ac(*.eleration is normal to tlie velocity, the speed 
remains constant. If p is the instantaneous radius of curvature, the 
radial acceleration is p^Vp- Therefore, by Eq. (1-1), 


and 


BZ'vo - ' 




~ M' - ^ /Jfi 


(1-25) 


cm 


(1-26) 
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Since B is assumed to be constant, the electron moves with constant simumI 
along a path of constant radius of curvature, i.e., along a circ.ul.u p.it i, 
in a plane perpendicular to the field. The dependence ol the i*u ins o 
curvature upon the velocity and upon the mass makes possib ( t h 
separation of charged particles of different velocities or ma;SSt^s. 

If the initial velocity also has a component parallel to the fudd,^ t he 
electron will describe a spiral path around an axis parallel to t'hc^ in t . 
A similar spiral motion results if the initial velocity is parallel to i»hc^ lie t 
but some other force, such as repulsion between two or more eU'ct rons, 
produces an acceleration normal to the field. This principle may Ix^ used 
in preventing the spreading of and in focusing a beam of elec,irons, I'din - 
tron beams may also be focused by the use of nonuriifonn eleciriti li(ddH 
such as exist between adjacent cylinders of unequal dianudKu* wlien a 

difference of potential exists l)etwe<‘n 
them.^ These methods ai*e us(‘d in 
focusing electron beams in c^aibodt*- 
ray oscillograph and television t ulx'S 
and in electron mici*oscopes (sexd He(*s. 
2-4 and 15-17). 

In cathode-ray os(ulIos(*.opt'' and 
television tubes, electron IxMuns may 
be deflected by magnetic fields normal 
to the initial velocity of the electrons that comprise the beams. Altiiongii 
a general analysis is complicated, a useful expression for the beam d(‘f!iH»- 
tion angle may be readily derived under the assumption that tire field is 
uniform throughout a distance s and zero elsewhere, as shown in Fig. F'h 
Inspection of Fig. 1-3 shows that 



Pig. 1-3.—Deflection of electron beam by 
magnetic field. 


sin 0 = - 
P 


(1-27) 


in which p, the radius of curvature of the circular patli within fiedd, 
is given by Eq. (1-26). Substitution of Eq. (1-26) in Eq. (1-27) givt\s thr^ 
relation: 


sin 6 


_ sm 

3 X 


(1-2K) 


For small deflection angles, Eq. (1-28) simplifies to 


6 = 


sB8 

3 X 




In the range of d in which Eq. (1-29) is valid, the path of iln^ (declnuis 

^See, for instance, 1. G. Maloff, and D. W. Epstmn, ‘^Klectrori in 

vision,” McGraw-Hill Book Company, Inc., New York, 1939. 
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after deflection by the magnetic field is the same as though they luw , 
originated at the center of the region in which the field acts. 

1-22. Crossed Electric and Magnetic Fields.—If an electron is sent 
through electric and magnetic fields that are perpendicular to each 
other and to the initial velocity of the electron, as shown in Idg. 1-4, the 
electron is acted upon by a force 8F dynes caused by the electric fiekl and 
a force B&Vo/iZ X IQi”) dynes caused by the magnetic field. These 
forces are both normal to the surfaces of the deflecting plates. If they 


are equal in magnitude and opposite in direc¬ 
tion, the electron is undeflected. This is true 
if 


SF = ^ 


3 X 10‘“ 


(1-30) 


or 

Vo = 3 X 10^“^ cin/sec (1-31) 



Fia. 1-4.—Patli of an olec.- 

in whicli F is measured in e.s.u. and B is tron thrmiRh baiam'.od c)icct.i« 

, and inaguotdc fiolclB. 

measured in gauss. This phenomenon may 

obviously be used to mousure the speed of ele(‘-trons or other chargcul 
})articles. 


Problems 

1-1. a. Idnd iho time of tradusit of a.n (dcotron Ixd W(‘(ni pa,ra,llel pliuu^ (d(>(d.ro(l(‘« 
having a HiUJanition of 0.2 cm and a- poicntiul diffcrciuai of 250 voltH. 

S « 4.8 X e.s.u. 


h. Find the energy deliveu’ed to the positive electrode liy the (dectron. 

1-2. a An electron ut the surfaee of a plane electrode is a.(U‘.(\l(a'at.e<l i.owand a 
H(‘cond’parn,ll(d plane (‘hHitrode l)y a 200-volt, batt.ery, the polarity of wliieli is rt'.verst'd 
witliout loss of time sec aft(;r the circuit is closed. If iln^^electrodti separation is 
1.5 c,m, on which eletvtrode will the <de<‘.tr<)n tcuTninate its flight? 

5. Wluit will IxHunne of the kineti(‘, em'rgy that it adapurt's during its ac.celerataon ? 
1-3. Cl. An. (dec,tron having initial kinetic energy of 10 erg at thes sutlace of one 
of two parallel phiiie (deed,rodeos and moving normal to the surfac-e is slowed down 
ndarding fi(dd (iavised by a 40()-volt potential applied betwtam the electrod(^s. Wdl 
the chadvron, rcaudi tlui scamnd (d(Hd)r()d(‘.? 

b. Wlmt, will bcnuirne of its initial energy? ^ i • 

1-4. Idle (dcw.trons that comprise a beam of cathode rays a.ro givcm tlunr veloedy 
by means of a potamt/ud diffmTmee of 500 volts imprcbssed ladwecm the electron sourc('. 
JUKI an acv.ehn-af/mg anode. Dciterminc the diireren(‘,e of potential tluit mnst Ixi 
impressed Ixitaveen two defkwting chadTodchs 3 cm long and 1 cm aiiart in order t.o 
deflect the Ixaun through an angle of ,15 degrecis. ^ 

1-6. ddie (dectrons tliat comprise a beam of cathode rays are given their vekxdity v„ 
liy means of a potential difference of 1500 volts impr(‘ss(al Ixdween tlu^ (deetron Hour<*<^ 
juid an jicc(derating anode. Deiermint.^ the flux density tlmt must exist throughout, 
a distance of 2 cm in order to deflect th<‘. beam througli an augki of 10 disgrec^s. 
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CHAPTER 2 


THERMIONIC EMISSION; 

THE HIGH-VACUUM THERMIONIC DIODE 

The oijeration of most electron tubes is dependent upon thermionic 
emission. The theory of thermionic emission is, therefore, of great 
importance in the study of electron tubes. It is the purpose of this 
chapter to discuss the basic principles of thermionic emission, the con- 
stiuction of practical emitters, and the flow of electron space current in 
high-vacuum tubes containing two electrodes. 

2-1. Theory of Thermionic Emission.—Richardson’s theory of the 
emission of electrons from hot bodies is in many respects analogous to 
the kinetic theory of vaporization.» Heat possessed by a metal is 
believed to be stored not only in the kinetic energy of random motion 
of atoms and molecules, but also in the kinetic energy of free electrons. 
As a result of collisions lietweon electrons or lietween electrons and atoms 
01 molecules, the sjieod and direction of motion of a given electron are 
constantly changing. The random motion of the electrons causes 
some of them to strike the inner surface of the metal. Electrons that 
arrive at the surface will escape from the metal if they have a component 
of velocity toward the surface equal to or greater than w,„, corresponding 
to a kinetic energy eiiual to tlic idectron affinity w. The number 

of electmns that reach the surface in unit time with a normal component 
of velocity equal to or greal.er than is iiroportional to the fraction of all 
the free electrons tliroughout the metal that have such velocities. At 
loom temperatures this fraiition is c.xtremely small, and so no thermionic 
emission is detectalile. As the tcm|)crature of the emitter is increased, 
however, the average velocity ol the free electrons increases, and so the 
number having velocities equal to or greater than w„ is increased. This 
can be seen from the velocity-distribution curves of Fig. 2-1. These are 
theoretical curves so constructed that the area under a given curve 
between any two velocities u and u +- Am is proportional to the fraction 
of the free electrons having velocities lying within this range at the tem¬ 
perature for which the curve is constructed. The area lying to the right 
of a given positive value of u, such as is proportional to the fraction 
of the electrons having velocities in excess of this value. Figure 2-1 

'RioirA.RD.soN, O. W., Froc. Cambridge Fkil. Son., 11, 286 (1901); “Emission of 
Electricity from Hot Bodies,’’ rev. cd., Longmans, Green <fe Company, New York, 
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shows tha<t the fraction of the electrons having velocities toward ilie 
surface equal to or greater than u^v increases with temp<‘^tiir(‘. II(au*e. 
the rate at which electrons escape from the metal, the (unission 
current, increases with temperature. Observable emission currents 
obtained at temperatures in excess of 1000®K. Emission current is also 
increased by reduction of electron affinity, since reduction ol elec^iron 
affinity lowers the velocity Uw and therefore increases the nmntxn* of 
electrons whose velocity toward the surface exceeds iiw I'lns is clearly 
shown by Fig. 2-1, since reduction of work function u) means tliat 
is moved to the left and the area under the curve to the right of n,r is 
increased. 

Electrons that escape will have resultant velocities nnide u|> of tlu^ 
excess perpendicular to the surface, plus the original cotuponenis pai*alh‘l 
to the surface, which are not altered by the surface forces. If the* ennit ted 
electrons are not drawn away by an external field, tht\v will form a 



Fio. 2-1.—Maxwellitiu diBtributioii cui’voh of velociticH nonunl to otniUor jtl 

toini)oratures. 

Space charge, the individual particles of which are moving alK)ut with 
random velocities. Because the initial average norimil velocity of 
electrons after emission is away from the surfa(*,e and of the 

mutual repulsion of like charges, electrons drift away from th(^ Hurface, 
Collisions between electrons cause some of them to acquire^ veloeity (Com¬ 
ponents toward the emitter, where they may reenter the surfacH* witli a 
gain of kinetic energy equal to the electron affinity. Anoth«*r factor 
responsible.for the return of electrons to the emittc^r is tla^ (‘l<:‘ct rostatic 
field set up by the negative space charge and, if tlie (unit t(‘r is insulatixt^ 
by the positive charge that it acquires as the result of loss of efiendrons. 
This field increases with the density of space charge, and (a|uilibrium is 
established when only enough electrons can move away from tin* surface' 
to supply the loss by diffusion of the space cliarg(\ If diffusion can 
then be prevented, just as many electrons returri to tin* imda! in unit 
time as leave it. Figure 2-2 gives a rough picture of the* (»li*(dron dis« 
tribution under equilibrium conditions. 

If a second, cold electrode is placed near the (miittirig snrfaca* in 
vacuum and connected to the emitter through a galvanoinet(u\ as slunvn 
in Fig. 2-3, the meter will indicate the small ciirnmt. roHiiliing from the 
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drift of electrons from the emitter to the second electrode. These 
electrons return to the emitter through the galvanometer and prevent 
the emitter from becoming positively charged. This phenomenon, first 
observed by Edison, is called the Edison effect. When the second 
electrode is made positive with respect to the emitter by the addition 
of a battery, as shown in Fig. 2-4, the current is increased. As the voltage 
is gradually raised, it is found that at any emitter temperature there is a 
more or less definite voltage beyond which the current is nearly constant, 
all emitted electrons being drawn to the collector. This current is 
called the saturation current, and the corresponding voltage, the saturation 
voltage. The lack of increase of current beyond saturation voltage is 


/EmH^ier 


/Emii'i'er 


. Heater' 


Fiu. 2-2.-"Di8- 
tribution of oloc- 
troiis near an emit¬ 
ting Hurface. 



Fia. 2-3.~~Flo\v of anode 
current an the result of cliffiiHioii 
of olcotronH from cathode to 
anode without tiio application 
of anode voltage (Ediaon effect). 


Fia. 2-4.—Use of anode 
voltage to increase anode cur¬ 
rent. 


H{)okeii of as voltage saturation. Saturation current varies with tlie 
temperature and electron affinity of the emitter. The negative emitter 
in Fig. 2-4 is called tlie cathode; and the positive collector, the anode or 
plate. An electron tube containing only a cathode and an anode is 
called a diode. Although the electrons move from cathode to anode, the 
current, according to convention, is said to flow from anode to cathode 
within the tube. 

2-2. Richardson’s Equation.—By means of classical kinetic theory 
and by thermodynamic! theory, Richardson derived two slightly different 
equations for saturation current as a function of temperature, It is not 
possible experimentally to determine which of Richardson’s ecpiations is 
correct, but this was later done thec)rctic.ally by M. v. Laue, S. Dushman, 
and A. Sommerfeld. The equation that m now believed to be correct is 

L = (2-1) 

in which I, is the saturation current per unit area of emitter, T is the 
absolute temperature, w is the electron affinity of the emitter, k is Boltz¬ 
mann’s universal gas constant, and A is a constant, probably universal for 
pure metals. The value of k is 8.63 X 10“® electron volt/degree and the 

^ IllCHABDBON, loc, CZL 
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theoretical value of A for pure metals is 60.2. The form of ih(‘ cnirvi* 
that represents Richardson's equation, shown in Fig. 2-5^/, is (l(‘tcriiunt‘ii 
practically entirely by the exponential factor. 

It is important to note that Richardson's equation holds only for fli(‘ 
saturation current and that the anode voltage must, tluM’ofoiv, ho higli 
enough at all times so that all emitted electrons arc drawn to fin* niUH!(\ 
If the anode voltage is fixed at some value Et, while (.Ih^ tenipernttire is 
' raised, then at some temperature the current will h(*gin to he iimitcMi 
by space charge in a manner similar to that when th(‘rc is no aeoelt'rnt ing 
voltage. Further increase of temperature will tlum ha\n* rio upon 

the current. This temperature is called the Hafunifhu irifiiHintarv, 
and the failure of the current to increase at higher t(un|)t*i'aiur(‘ is spokt»ii 
of as temperature saturation. If the emitter were homogtuuHnis ami 
electrostatic field constant over the surface of the the ativiaj! 



Pig. 2-5.-~Curves of anode current m-. emittor teiui>oruture: en wiOunUiMi nsu.Miu, 
current; (6) theoretical curves at two values of anodo voIIjw'; (r) oxuri jiueiifiil mrvo ,, .o 
two values of anode voltage. 


of saturation would be abrupt, as incliuaksl ai. [loiiil, A (»f l-lj;, -j-.V/, 
Actually, because of variations of tomiH'raturc iiud (■l<'i-lr(»n aliiiiilv 
and of electrostatic field, saturation does not tak(‘ {ilaci* (u-rr ilu- w !i„lc 
cathode surface at the same temperatum, and so (‘xpcriiricujitliy d.-tci- 
mined curves bend over gradually, as slunvn by tlio ciirvos uf big, n-Ar. 
At bgher anode voltage E^, saturation ocuur.s at a higlii-r lomp.-rattiiv 

If the voltage is increased-with temporatun. t.lKM'unvuf will r.mliiu,,. I.i 
rise with temperature, as in Mg. 2-5«, until the b.iajH-rature i.eeome. 
sumciently high to vaporize the emitter. 

Since only those electrons which have relatividy iiigli eiiergie. <-.,n 
escape from the metal, thermionic emission lu'cessiirilv reMills in tlie 
reduction of the average energy of tho remaining ckTliuns and mnleenles 
and hence of the temperature of the emitter. Heat m.isi be .suppU,.,! 
continuously to the emitter in order to prevent it.s lemperalure ru» 
falling as the result of emission. The cooling .dhwt ,.l' enis.im. e,, ■ 1 

1^?ft Jw <■' "“Pnrnl.le 

With the heating current, as in the type 30 tube. 
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Richardson^s equation shows that the emission cina’cnt wlticdi ca.n bc^ 
obtained at any temperature varies inversel^y witli elcMvf ron affinity. 
The exponential form of the equation shows that small (^lnuig<\s in tem¬ 
perature or electron affinity may result in large (*.ha 4 ig(\s of (‘missiem 
current. A 15 per cent reduction of eloefaon affinity prodma^s a,n evight- 
or tenfold increase of emission in the working ranges of t(unp(u*a,i.ur(^ 
ratio of the emission current in milliamperes per s(pia4’(^ (aaitimedt^r to tln^ 
heating power in watts per scpiare cemtimeter is <*aJl(aI tlu^ (miimion 
efficie7icy. Emission efficiency increases witli (Icau’caise, of <*lec,t.ron 
affinity. 

A satisfactory practical source of tlun'mionic (unission must satisfy 
two requirements: it must have a liigh cmiission (^fflcicuKty a,nd it must 
have a long life. Thermal losses (am Ix^ rtulutaai l)y |)rop(‘r dt^sign of tla^ 
emitter and by reduction of emitter tenq)erat.ur(‘. (('atliodt^s of s{)tM*ial 
design^ which give very low thermal Iosscns, earn b(^ us(h1 in gasc^ous dis¬ 
charge tubes. These will be discussed in Sov,. 12-1(h) life of an 

emitter increases with the diffenvmx^ between tlie normal operating t<^m- 
perature and tlie vaporimtion or nudtlng t(unp(n*atur(^s of tin* mtdal or 
metals of which it is construct-ed. Hin(H> low o|)(n*a.ting t(»mp(*rat.un^ is 
made possible by low ele(d,ron affinity, it is evichmt t.lmt th(^ (*hoi(a^ of 
emitters of low electron affinity is favoral)Jc^ to long as wrdl as to liigh 
efficiency. 

2-3. Pure Metallic Emitters.—Purt^ nudals Imving low eliattron 
affinities, such as the alkali metals or eahauni, (‘a nnoti l)c^ ust‘d mh emit tern 
in electron tubes because they va.pori/x’i exetNssivedy at t<vm})e rain res at 
which appreciable emission is obtaimai Only two piirc! metals, tantalum 
and tungsten, are suitable for use as practical (nnittcu’s. Although tla^ 
electron affinity of tantalum is lower than that of tungstem, tantalum is 
more sensitive to tlie action of resi:lual gases and has low(*r vaporizatiim 
temperature. Tantalum is thereddre s(ddom ustal. Pure metallic, 
emitters are now used only in larger high-volt-agc* (a,hove* volts) 

power tubes, in which they aio found to luive hmgm^ lift^ tlmn tlie spiHaai 
emitters that are used successfully in smaJl t-ulies. 

2-4. Thoriated Tungsten Emitters.— ''PIle iin^sc^nce of imptiriiteH in a 
metal may produce a markcjd change in the; vadue of its (‘hadron itlfiiiity* 
This is usually attributed to the formation of tliiu la^yicrs of tlic^se iniptiri- 
ties^ at the surface. Such a layer may produce very liigh ficddH nt tlK‘ 
surface by virtue of the fact that it imiy be cdcadaoiiositave or eIe(d4'o- 
negative relative to the main metal Thus tlie pr(‘Henee of an iiJisorlKai, 
layer of oxygen, which is electronegative witdi respect to tungsten, results 
m a field that opposes the emission of elc^ei.rons and therchire increases 
the electron affinity of tungsten. T\m pioscnnai, on t.he otla^r Iiancl of a 
monatomic layer of thorium atoms or ions on tdio mxvUim of tungHteii 
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reduces its electron affinity remarkably. It is of interest to note tliat 
the electron affinity of thoriated tungsten may be even lower than that 
of pure thorium (see Table l-II). 

The reduction of the electron affinity of tungsten as the result of 
introduction of small amounts of thorium was first observed l)y Langmuir 
in 1914 in the course of a study of the properties of tungsten filanuuits.i 
Thorium oxide is introduced into the tungsten in the course of its manu¬ 
facture. Subsequent high temperature converts a portion of th(' tlioriuin 
oxide into metallic thorium, which diffuses to the surface. Investiga¬ 
tions by Dushman, Becker, and others^ indicated that the lowest valu(‘ of 
w and the highest value of the constant A in Richardson’s e<|ua(.lon art^ 
obtained when the tungsten is completely, or perhaps very muirl^', co vena l 
■with a single layer of thorium atoms. 

Thoriated tungsten shows no increase of emission over that of lunx^ 
tungsten until it is activated. The activation process is performed after 
evacuation of the tube. It consists first in “flashing” tlie I'lnitfm- for a 
few moments at a temperature of 2500 to 2800°K. dfliis high tempera¬ 
ture reduces some of the thorium oxide to thorium. The tenqK'ruturcj 
is then kept for some minutes at about 2200°K, which allows the nudullic 
thorium to diffuse to the surface. The best value of diffusing tcunpc'ra- 
ture is determined by the rates of diffusion of thorium to t he. suihuas and 
of evaporation from the surface. If the tempc'ratuixi is too high, tlui 
evaporation exceeds the diffusion, resulting in deactivat ion. 'I’lu' (unit t<‘r 
is normally operated at temperatures that do not exceed 2()0()'’K, which 
is sufficiently low so that evaporation of thorium fi'om tlie surfa(H^ i.s 
negligible. If the emitter is accidentally operated at su<L a high tem¬ 
perature that the whole supply of thorium diffuses to the surface and 
evaporates, it can be reactivated by repeating the original acth-ation 
process. This may be done several times before all the thorium oxide 
is used up. 

A useful tool in the study of the phenomenon of actix'ation is the 
“electron- microscope.”® This consists of the emitter and mciins for 
accelerating the electrons and for focusing them upon a screeui ' which 
fluoresces under the impact of electrons. It has been shown that, tlui 

‘Langmuie, L, Phys. Rev., 4, 544 (1914). 

2 Dushman, S., and Ewald, J., Phys. Rev., 29, 857 (H)27); ItKCKSit, . 1 . A., 'Tra/i.s. 
Am. Elecirochem. Soc., 66, 153 (1929). 

® Knoll, M., and Euska, E., Ann. Phjsik, 12, 007 (19.32). 'riii' <■!(.(■(n>n iiiuto- 
scope has many applications besides that mentioned here. lU-i-cnt insl ruments mny 
be used in place of ordinary microscopes in the study of matt er ami give hinhcr miigni- 
fication than can be attained -with light. For a survey and a hililiogrnithy of this 
subject, see R. P. Johnson, J. Applied Physics, 9, 508 (1938). 

. / for instance, 1. G. Malow and D. W. Epstkin, “Elcctnai Oiitic.s in 'I'cl.-- 
■vjsion, McGra-w-Sdl Book Company, Inc., New York, 1938. 
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action of nonimiform electromagnetic and electrostatic fields upon 
electron beams is similar to the action of lenses upon light.^ lluis it is 
possible to obtain on the screen a sharp enlarged imago wliii^h shows 
clearly the individual points of emission of the cathode/^ Similar r(‘.sults 
are achieved by use of a straight filament at tlie axis of a cylindric^al glass 
tube, the inner surface of which is covered witli a fluorescent matmial.® 
The coated surface, which acts as the anode, is maintained at a positivis 



Cr) 


(h) (c) [(1) 

nffi! ui hohayior of thorintod in) iiiinHMii»tol.V 

aftci 10 sec. at, «8()() K, (b) after additional 4 min. at IH5(FK, (r.) liftin' 2<» mill, iif iKfdf'K 
(d after aOmin. at ISBO-K. (r) after 70 .,u„. ut IK.-.O^'K. All ..i.'t.iroH w,.;. lao’.-K: 

1 ho docreasing oxiiosuro timo is ovidonnod by nnluction of ajiiiiiront brilliiuun^ of tim fitii» 
mont. {Courtesy of E, F. Johnson.) 


potential of several thousand volts l)y means of a wirt' helix coiled inside 
the tube in contact with the coating. ,KI(M;trons emitted by the filament 
are attracted radially toward tlie anodet cioating, wluvre they proclii(*e a 
magnified image of the electron emission ?tt tlie surfaca^ of tlie filameuf 

Figure 2-6 gives a s(^rics of i,liot,ogni{,]is of serecn of such u tu!,,.’ 
showing the, activation of tlioriated tuitgsten. ('I'iu? liriglit. vorticnl tiur 
is caused by light from the lilamcid,, and the dark lines l,v t he shad*,n 

of the helix.) 

OiimcH, n Ann.Physik, 81, 074 (1020); MAi,oee, I. (i., un,l MeNTiux, I). U' 
<and LisiEiN, .hicdtron. Optu^H in Iidi^vi.siou/^ op* ciL 

M TCwor^yr^"'-"’ '« Jouannson, Ann. Phymk, 16, Ma (1002); 

M. iVNOia., 1933, p. 243. 

’ Johnson, R. I> and SiiociaucY; W., Phi/«. 49, 4:j(! (1030). He,, nkn 

hlectromcH, January, 103(5, p. 10, March, 1937, !». 23. 
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The presence of even small amounts ot gas has a, veiy (lestriK^tiva^ 
effect upon a thoriated tungsten emitter, dliis may i*esuH. eitla^r iroin 
direct chemical action^ such as oxidation, or Irom the removal ol thorium 
from the surface by the bombardment of positive ions. 1 he sc^nsit i\'(UH\ss 
of thoriated emitters to the action of gases and tlie rad(‘ ol <‘va.pora.t ion ot 
thorium may be greatly reduced by heating the ernitder in a.u atmos|)lHn*(‘ 
of hydrocarbon vapor, which causes the iormation ot a, slu^ll ot iungshm 
carbide. Because of the reduction of the rate ot (‘va|)oratiou ol tlu' 
thorium, a carbonized emitter can be operated at a miu'li higlnn* t(unp{n‘a“ 
ture, with consequent increase of emission curnmt and effi(*i(‘n(‘y. At< 
this higher temperature the increase of ditliision mtik(\s possible the (a)n~ 




(b) 


Fig. 2-7. —(a) Typical curves of einiHHioti, current lieaiiiiK power; (/o lypicHl curM*Mi>f 
omissiou current m. emitter t(nnpcrntur«% 


tinuous replacement of thorium removed from the surface* by the acdioii 
of gas molecules or ions. Figure 2-7 shows that tlu^ tunission otlieimmy 
of thoriated tungsten is much higher than that, of pure t uugstim and tliat 
a given emission may be obtained at a much lowt*r i taupt*rat ure. Biaaiusc* 
of the lower electron affinity, higher emission (vflieitmey, and hmger IW'v 
of oxide-coated emitters, thoriated tungsten (unitlta’s an* now usin! vtaw 
little in receiving tubes. 

2-6. Oxide-coated Emitters. —By far the most, witlely us(*d tnnitters 
in small high-vacuum tubes arc oxidc^-coaiml cauittiu’s, first, used by 
Wehnelt.^ Although the process of manufaeture of oxide-coat i*d eatliodc*s 
varies considerably, it consists, in general, in coating a. tan’c* iiat al, usually 
nickel or alloys of nickel and other m(t.als, with one or mon* layers of a 
mixture of barium and strontium carl)()nates (api)roximat<‘!y (>0 per cerii 
barium carbonate and 40 per cent strontium carlxuuitc*). Tht* earl HUtateH 

^ WuHNXSLT, A., Ann. l^htjsik, 14, 425 (Il.>04). For an twcelicnt. rvvirw nf flu* 
subject of oxide-coated cinitters see J. P. Blowctt, ,L ApplJai Pki/mtH, 10, i'm and 
831 ri939). 
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may be suspended in water, although a binder such as (jollodion or a 
mixture of one part of Zapon varnish in 20 parts of amyl acetate is usually 
used. The mixture may be applied to the core by spraying or l)y dijjping 
or dragging the core through the mixture. When a tliick coating is 
desired, the mixture is preferably applied in the form of several tliin 
coatings heated suf&ciently between applications to burn out the l)in(kn-. 
After application of the carbonate coating, the emitter is mounted 
in the tube, which is then evacuated, and the emitter is heated (^le(‘-tri(ially 
to a temperature of about 14()()°.K. The higli temi)eraturci reduces the 
carbonates to oxides, the liberated carbon dioxide being* removed by th (5 
pumps. The temperature is then lowered somewhai, a,nd voltage is 
applied to the anode for some time, during vvhieli tlie (unissioii biiihls up 
to its proper value. The normal operating teinixu'ature ranges from 
iOOO to 130()°K. 

Many experiments have performed to dtdi<‘.rmine what takes 

place during the activation procusss and from vvliicih part of th<^ cunitter 
electrons are emitted. Reduedaon of the oxides to pur(^ metal may result 
from chemical reaction, from electrolysis of the oxides, or from the bom¬ 
bardment of positive ions formed in the gas l)etween the anode and 
the emitter by electrons accelerated by the applied field. IVirhaps all 
three of these proc*,esses occur. Five formed tlirougliout the 

oxide diffuses toward the surface. Aldiough |)arti(tl(\s of frtu^ nwkil arc^ 
distributed throughout the cotiting in a conipkitcxl (viuittiu*, riKumt, 
evidence appears to indicai-e tluit the emission takes pla,ce at the outer 
surface. 

The electron affinity, saturation cunission (vurrcmt, an<l emussion 
efficiency of oxide-coated emittei*s an', greatly <lei)en(lcnt upon the manu¬ 
facturing |)r()cess(5s. The (deedron affinity ranges from 0.15 t,o IJ ehuttron 
volts. Typi(‘.al (uirves of saturatiou (uirrent t(unp(‘ratur<^ and i'lnission 
efficiency vs. heating iiowcr are shown in Fig. 2-7. FlKamination of these 
curves shows that the saturation current and (miission eflicicnicy are 
considerai)ly higher than those; of thoriated tungsten. The ndidividy 
low temperature at wluck oxide-coated cathodes (;an be operated is a 
distinct advantage in, most Hi)i)li(;ation.s. 

1.he (;mission irom oxide-coated (uitluxles is reduced or dc^stroycul 
by the prescmcjc of oxygim, due to oxidation of the active metal or to 
removal of the active metal or ev(m tlie cornplida; (xiai/ing liy pOvsitive-ion 
bombardment. Another cuiuse of damage to oxickvcoattMl cathodes is 
the development of hot spots. Because of nonuniform activation of tlu^ 
emitter, emission is not uniform over the surfacau "fhc' How of cunission 
current through the oxide coaling, which has liigh resistam;e, niisc's it,s 
temperature. Since the temperature rise is greatevst. at points of tlic; 
<jathodc at which tlie cunission is high, th<; einission incrc‘a.seH still more; at 
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these points. If the current is not limited by space charge, the action 
may become cumulative and the current and temperature iiKU'ease to 
such an extent that the coating is removed. In filamentary e-aiiiodcH 
the local rise in temperature may be so great as to molt the filanienti. 
Hot spots are most likely to occur at high anode voltages. Tlie t cmdeney^ 
toward the formation of hot spots is also increased by deactivation caus(*d 
by the flow of excessive space current. 

When full emission current is drawn from an oxide-coattal (‘rnittcn*, 
the current first falls rapidly and then slowly approaches a stciady \'alne. 
This decay of current is thought to be caused by electrol,vti(‘. removal of 
barium from the surface or by electrolytic deposition of oxygen on tlu^ 
surface. The initial emission is recovered if the emitter is heated without 
the flow of space current. The useful life of oxide-coated emittcu’s, wlncdi 
is several thousand hours, is terminated by a rather sudden dt^eiiy in 
emission to a very low value. This may be caused l)y evaporation of 
free barium and of the supply of barium oxide that furnishes fi*(H^ l>arium 
during the active life of the emitter. The useful life of a vacmum tul){^ 
containing an oxide-coated cathode may also be terminated l)y tla^ 
liberation of gas from the emitter. Schade has pointed o\it tliat t fie |>eak 
current that can be obtained from an oxide-coated (‘.athodes greatly 
exceeds the steady current.^ Transient peak currents of 25 aiu|)/(un‘^ 
have been observed from well-activated cathodes. Th(^ staiile |>ea.k 
emission over an extended period is usually less than onothird of this 
value. 

Formation of hot spots and the likelihood of ionization of gas emit ttal 
during the life of oxide-coated emitters make them unsuitahlts for us(^ in 
high-voltage transmitting tubes. 

2-6. Cesiated Tungsten Emitters. —fourth type of (unittm', not 
used commercially in thermionic tubes, is produced by depositing a 
monatomic layer of cesium on tungsten. Because the ionizing |)otentifd 
of cesium vapor is less than the electron affinity of tungsten, th(‘ tiingsten 
removes an electron from a cesium atom which strikes it, lcm\ing a 
positive ion which is held to the tungsten surface by tlu^ nssulting <dect ro- 
static field. The force of adhesion is even greater if tfu^ tungstcui is first 
covered with a monatomic layer of oxygen, which is el(U‘tronc‘gative with 
regard to tungsten. The strong electrostatic field hetwecui the c^t\sium 
ions and the tungsten or oxygen reduces the electron affinity to tlie 
comparatively low value of 0.7 electron volt or less. Bta^mi.se cMnm 
melts at a temperature only slightly above room tcuni)(‘i*at unv thc^ 
cesium vapor is obtained by merely introducing a small amount of caUtuu 
into the evacuated tube, the subsequent vaporization Ixhng suflic^if^nt to 
coat the filament. 

1 Schade, 0. H., Proc. 31, 341. (1943). 



Sec. 2-7] 


THERMIONIC EMISSION 


29 


The low electron affinity of the tungsten-oxygen-cesium emitter 
makes possible high emission currents at a temperature of only 1000°K. 
This type of emitter has several disadvantages, however, which make it 
impractical for use in commercial tubes. As the result of the high vapor 
pressure of cesium at operating temperatures of the tube, the character¬ 
istics of the tube are influenced by tube temperature. Too high tempera¬ 
ture vaporizes the cesium, causing temporary reduction in emission, or 
even renroval of the oxygen layer with permanent reduction of emission. 
Except at very low anode voltages, ionization of the cesium vapor occurs, 
resulting in fluctuations of anode current. The presence of positive 
ions is also detrimental to the action of amplifier tubes for other reasons, 
which will be di-scussed (Secs. 2-8, 6-7, 13-16). 

2-7. Mechanical Structure of Cathodes.—Cathodes rrsed in higli- 
vacuum thermionic tubes are divided into two general classes; fila- 



V-99 5T4 45 6Z4 25 A6: 6K7 25L6 

2-8.“-Typical filamentary ealhocUss. Kkl 2-9.““8true.ture of typical heatcr- 

(Ckmrtesy of Radio (J(nyoraHou 0 ^ i,ypc eai.hodeH. {(UmrtcHy of Radio (/or- 

pomlion of Am erica) 

mentary and indirectly lieatcHl. 2-8 hIiowh form of iyi)ical 

filamentary (uithodeH. Early vacuum tulx^H used only filanumtary 
cathodes. When filamentary (;athod(\s arc oi)erated on alternating 
current, the stray alt(irnating electrostatic field and tlie alternating 
voltage across tlie filament cause an alternating component of plate 
current tliat may be ()l)je(d.ionable. ^rhis difficulty led to the develop¬ 
ment of the indirecd’iy heated, or lunter-type^ cathode. 

IndircMvtly licuited cathodes ur(hI in receiving tulies consist of an 
oxide-coatcKl (‘.ylindrical sleeve, usually of nickel, within which in some 
form of heater. The most common tyi)es of heaters are illuBtratial in 
Tig. 2-1). Tlie 5Z4 and 2r)A6 heatcir coils are lielically wound. I'hat 
of the 6K7 tyfie of cathode is Avoimd in a reverse helix. After l)eing 
wound and formed, the coils arc coated with a refractory insulating 
material and ins(n'te<l into the. sleevci. The licater of tlie 25L6 tyfie of 
cathode is covered with a refracd/ory insulating coating of sufficient 
adherence to permit the wii*e to lie bemt into the desired shape after it 
has been coated. Because of tlie small magnetic fiedd iirodueed liy the 
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6K7 type of heater, there is very little 60-cycle plate-current variation, or 
“hum,” when the heater is operated on alternating current. Tlie 
loop type of helical heater exemplified by the 25A6 heater and the 
folded type of heater used in the 25L6 cathode make possible the use of 
enough wire for 25-volt operation. The advantage of the 25L6 construc¬ 
tion is its low cost. More complicated cathode structures used in arc- 
discharge tubes will be discussed in Chap. 12. 

The advantages of heater-type cathodes over filamentary cathodes 
are the much lower alternating component of plate current resulting 
from a-c operation of the heaters, and the possibility of using a singles 
source of power to heat a number of cathodes between which a differeiuics 
of potential exists. The small effect of the alternating lieating eui-rent 
upon the plate current results in part from the fact that the indirectly 
heated cathode is a unipotential surface, and in part from the small mag¬ 
nitude of the stray alternating fields caused by the flow of heater current. 
A disadvantage of indirectly heated cathodes is their much longer heating 
time. Because oxide-coated emitters do not stand up in high-voltage 
tubes and because indirect heating cannot be used with pure tungsten or 
thoriated tungsten emitters, heater-type cathodes are not used in tubes 
that require high plate voltage. 

2-8. Effects of Gas upon Emission and Space Currents. —Tlie d(d('.t(v 
rious effects of gas upon emitters of various types as the result of clujmieal 
action, adsorption of thin layers of gas upon the surface, and po.sitive-ion 
bombardment have already been mentioned. Wluui the anode 
voltage is sufficiently high to produce ionization of the gas, ofrher eflinds 
become apparent. If anode current is at first limited by si)a.(a; charge, 
the appearance of positive ions tends to neutralize the negatives spa<ui 
charge surrounding the filament, thus increasing the anode; current.. If 
the anode voltage is high enough to give saturation (airrent initially, 
increase of current occurs because the electrons and ions i)roduc('(l l)y 
bombardment of neutral gas molecules by the emitted eh;ctron,s add 
to the current. Unfortunately this increase of current i.s likely to be 
accompanied by a number of undesirable effects. Currents through 
ionized gases usually fluctuate, resulting in “noise” in tubes usiul for 
amplification. The relatively low velocity of positive and m‘gati\'e 
ions produces a lag in the response of current to changes of voltage. 
Variations of gas pressure resulting from changes of temi)eratur(; or from 
the absorption or enaission of gas from the walls and elec.troch's may 
cause the characteristics of the tube to vary. Finally, in a gassy f.ul)e, 
positive-ion current flows to an electrode to which a negiitive voltage; is 
applied. When the anode current is controlled by means of a negative 
voltage applied to an electrode through a high resistance, the flow of 
current through the resistance may cause an objectionable voltage drop 
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and, under certain circumstances, may even result in damage to the tube 
(see Secs. 6-7, 12-20, and 13-16). 

In the manufacture of higli-vaciium tubes, many precautions are 
taken to ensure the removal of gas from walls and electrodes. The 
electrodes are thoroughly cleaned and are then heated for several minutes 
in an atmosphere of hydrogen, which removes oxygen and water vapor. 
After the tube is assembled and connected to the pumps, the electrodes 
are heated to about 800 or IQOO^C by high-frequency induction in order' 
to remove other occluded gases. Kesidual gas is removed by the use of 
geMers, which are active chemical siibstaiices such as barium, magnesium, 
aluminum, and taiitaluiri, having the property of combining with gases 
when they are vaporized. In glass tubes a small amount of the getter is 
mounted in such a position that it will be heated and vaporiised or 
''flashed^’ during the inductive heating of the elements. By proper 
location of tire getter, the vapor can be prevented from condensing in 
places where it might cause electrical leakage or undesirable primary 
or secondary emission. The ehectiveness of the getter results not only 
from its chemical combination with gases during fhisliing, but also from 
subse(|uent absorption of gases by getter that lias condensed on tlie walls 
of the tube. Tlie action of the g(d;ter during flashing is increased by 
ionization of the gas by means of voltages applied between the electrodes 
or by tlie radio-frecpiency field of the induction lieater. To ensures tlie 
removal of gas from tlio walls, tulx^s are liakivl dui'ing tlio proci^ss <>£ 
manufacture. (.)ri machines that exhaust and mnl th(‘, tulies sei>arately, 
the l)ull)s arehea.t(Hl in ovens diuiiig exliaustion. On Stnilex^^ machines, 
tlie tul)(\s are sealed and exhaust(xl on the same machine, the hcuit from 
\s(5aliiig lieiiig uscal to drive gases from thc^ Inilbs during (exhaustion. 

In tulics witli metal envelopes, the shielding acd.ion of the sludl 
makes it impossible to heat the (dcKjtrodes and the gedder by induction. 
The decitrodes may bo lieated by radiation from tliesli(dl, whieli is heated 
))y gas flames. Altliougli the getter may be fastened to tlie inside of tlu>; 
sh(dl and vaporized by lieating the shell locally, another method lias bemi 
<lev(do|)cd that rcxiuires less critical control^ A short hmgth of tantalum 
ribbon, which connects the shell to its terminal pin in tlie base, is coated 
witli a mixture of barium and strontiiiin carlxmatc^s. While thc^ tidxi is 
on the pumps, tlio tein|)erature of tlie tantalum wire is raised electrically 
to adxiiit 11()()°C. '’Idvis converts the carbonates into oxides. Aft<‘r 
die tulxi has horn seahxl oiT, tln^ tantalum wire is lieut(Hl to a tcuniieraturc^ 
in excess of 120()®(/. This causes the tantalum to reduce the oxidc^s to 
pure metallic Ija/duin and strontium, which vaporizcu Since tlie vapor 
movers in straight lines, it ca,n lie dinicttal as desired by means of sliielcls 

»fjSDKUKii, b. A.,a.ii(l Wamhlsy, I). IT., RCA Hvv,, 2, 117 (1937). This article 
jiIho gcUU'ririK niotlioUn lined iti glasn tulxvH. 
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and by proper location of the tantalum wire. This type of gett(U’ is 
called hatalum [see (11) in Tig. 3-116]. 

2-9. Limitation of Anode Current by Space Charge.—The eItVict of 
space charge in limiting space current and the increase of anode current 
resulting from an accelerating anode potential have already Ixien nn'ii- 
tioned in connection with the theory of thermionic emission. Ikl'orts 
proceeding to a discussion of the quantitative relation between anodes 
current and anode potential in a two-element tube, it is of interc^st to 
discuss further the physical picture underlying the phenomenon. I'he 
behavior of the emitted thermionic electrons is complicatijd by their 
initial velocities. Tor this reason it is best first to formulate a tluiory 
on the assumption that the initial velocities are zero and then, when 
they are taken into consideration, to see in what manner the r<wulis 
should be altered. Tor the present, therefore, initial vehxutic^s will Ire 
assumed to be zero. It will be further assumed tliat botli cathoiki and 
anode are homogeneous, constant-potential, parallel pianos of largt? arcui, 
and hence that the electric field over the surface of the catlmde may Ixs 
assumed to be uniform. 

Electrons that leave the cathode constitute a space! celiargi! that 
exerts a retarding field at the cathode. The net field ai, the .surface 
of the cathode is the difference between this retarding fiisld and the 
accelerating field produced by the positive voltage of tlu! anode. 'I'he 
number of electrons in the space, and hence the retarding coinixnumt of 
field at the cathode, increase with the anode current. When th(! p<).sit.i\-a 
anode voltage is applied, the anode current builds up with gnad, i-ui>idity 
to such a value that the average retarding field at the calhodc' caused 
by the space charge is equal to the accelerating field causc'd l»y tin* anodt! 
voltage, making the average field zero at the cathod(!. Increase of 
emission then does not raise the anode ciUTcnt, as the addit ional emitted 
electrons merely reenter the cathode. If it were possible in s( une manner 
to increase the density of space charge by mcrea.sing tlu' (current he.\'(nid 
this equfiibrium' value, or if the anode voltage were ivduci'd slight ly, 
then the net field at the cathode would be a retarding oiu“. h’or an 
instant, all emitted electrons would be prevented from moving away 
from the cathode, and the current and space-cluirgc! dmisity would l)e 
automatically reduced to a value that would again makti the averugni 
field at the cathode zero. An increase of anode (‘a.usc‘,s the 

accelerating field to exceed the retarding field. The numller of (decirons 
moving to the anode then increases until the average! mlarding field again 
equals the accelerating field. 

At first thought it may not seem plausible that th(!re can be a sfeady 
flow of electrons to the anode when both the velociities of (“miffed (“leetrons 
and the average electrostatic field are zero at the catluxhi. It i.s only 
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the time average fieldj however, that is zero at any point on the cathode. 
The instantaneous field at any point may vary in a random manner 
between positive and negative values. Immediately after one or more 
electrons have entered some point of the anode, the net field at a cor¬ 
responding point of the cathode may be positive, causing one or more 
electrons to move away from the cathode. Tliese ele(itrons produce 
a retarding field behind them, wdiich prevents tlie departure of more 
electrons from that point until the entrance of otlier electrons into the 
anode again results in an accelerating field. Many electrons are entering 
and leaving the 8j)ace nt any instant, so tliat tlni field fluctuations arc 
rapid and liapliazard. 

2-10. Child’s Law.— The foregoing descriptive explanation sliows 
that, if an aniiile sxip|)ly of electrons is available at the cathode, the anode 
current in a diode vari(;s with the voltage applied betweem tlie anode and 
cathode. A mathematical analysis of tliis plumomcnon was first made'. ^ 
by Child. ^ The e<iuati(>n relating thc^ anode current and voltage is called 
Child^s lato. Tlie general derivation, for electrodes of any size and shaiie 
is too diffiendt to yield a useful (npiation, and ho only the relatividy simple 
cases such as tliose aiiplying to plane parallel electrodes of large ar(3a and 
to long concentric cylinders arc ordinarily (U)nsidcu’O(l. In deriving 
Cdiildts law for plane* iiaralht elcH^trodes tin': following assurni>tions are 
made*: 

1. The catlioth' tempevrature is high enough at all jyoints so tlint ii)oreal(MrtroMH 
are omitted tluui are drawn to tlie anode; nr., the (‘urrent is liniitcMl by space 
charge. 

2. ^fhe (cathode axid a-nodo are parallel phitc^s whose area is largo as compartul 
to their si>acing; i,e,, the olectrostaticj field is normal to the electrode surfa-co and 
iiniforin over the surfac^e of any plane iiarallel to the electrodes. 

3. The surfa(?es of tlie anode and cathode are equiixitential surfaces. 

4. The siiace Ixitween the cathode and the anode is Biifficiently free of gsiH so 
that electrons do not lose energy by <;ollision witli gas nioleculeB in moving from 
the cathode to the anode. 

fi. Tiniitt(‘<l electrons have zero initial velocity after einiBHion. 

Under tlicse assumptions the following tlirec equations may lie 
w ri ttAiii: 


(PV 

'--47rp 

(2-2) 

i\V = 


(2-2) 

ih = 

— P'W/I 

(2-4) 


in wliich V is the potential, relative to the catliode, at a. distiiiiUH* .r from 
the (3athf,xle; p is tlie (negative) density of electron s|")a.cc eliargc* ni a, 

^ (Inmo, C. I)., Hw., 32,408 (1911). 
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distance x from the cathode; S and Me are the charge and the mass, 
respectively, of an electron; v is the velocity dx/dt of an electron at a 
distance x from the cathode; % is the anode current; and A is the area of 


the electrodes. 


Equation (2-2) combines in symbolic form the definitions of potential 
difference and electric field. It is a special form of Poisson^s equation, 
one of the most important fundamental laws of electrostatics, and may 
be derived directly from Gauss^s law^ (see Sec. 1-10). Equation (2-3) 
states that the energy gained by an electron in moving from tlie cathode 
to a distance x from the cathode under the sole influence of the electric field 
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Fig. 2-10.—Variation of 
field strength F, potential V, 
electron velocity v, and space- 
charge density p with distance 
X from plane cathode. Zero 
initial v'elocity. Arbitrary 
units. 


appears entirely in the form of kinetic energy. 
Equation (2-4) is a symbolic formulation of 
the definition of the magnitude of an electri(‘, 
current as the rate of flow of charge. 

In the solution of the simultaneous differ¬ 
ential Eqs. (2-2), (2-3), and (2-4), the follow¬ 
ing boundaiy conditions must be applied: At 
the cathode, the potential V, tlie average 
electric field dV/dx, and the velocity v are 
zero. At the anode, where x is ecpial to the 
cathode-to-anode spacing d, the potential is 
equal to Cb, the applied anode voltage. Solu¬ 
tion of the equations and substitution of 
numerical values of 8 and m, give the following 
equation for the anode current of a diode 


ib = 2.34 X 10-« 




amp 


(2-5) 


By combining Eq. (2-5) with Eqs. (2-2), (2-3), and (2-4), theoretical 
expressions may be derived for density of space charge, electron velocity, 
electric field strength, and potential as functions of distance from the 
cathode. Curves derived from these are shown in Fig. 2-10. 

Child’s law for concentric cylinders whose length is la,rge as c()ni|)ared 
to their spacing is 

ib = 14.68 X 10“^ ~~ amp (2-()) 

in which r is the radius of the anode, h is the length of the electrodes, and 
6 is a factor whose value depends upon the ratio of the radius of the anode 
to that of the cathode, h has the approximate value 1 for a ratio 2, 4 for 
a ratio 3, and 0.9 for a ratio 8. If the plate diameter is large as compared 

1 Page, L., and Adams, N. I., ^Trinciples of Electricity,"' p. 83, D. Van Nostrand 
Company, Inc., New York, 1931. 

2 Page and Adams, op. cit., p. 297. 
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to that of the cathode, Eq. (2-6) reduces to the approximate form 

r 


%b 


14.7 X 10“ 


amp 


(2-7) 



Equations (2-5) to (2-7) show the importance of close spacing between 
<‘athode and anode if large currents are desired at small anode voltages. 

2-11. Deviations from Child’s Law Observed in Practical Diodes.— 
lleviations from Chikrs law result from the failure of practical diodes to 
-Satisfy the assumptions made in its derivation. Since the temperature 
i)f the cathode is fixed by considerations of emission efficiency and life, 
there is always a saturation voltage above which the current is not limited 
l>y space cliarge but by filament emission. If other assumptions were 
Satisfied, the saturation voltage would be quite definite and the cur- 
i‘ent-voltag(i curve would be as shown by the dotted lines of Fig. 2-11. 
iiecauso of variations in temperature, 

’^dectron affinity, and field strength over 
tdie cathodes surface, tlic anode voltage 
iit whi(‘h voltage saturation takes place 
is not tlie same for all points of the 
cnithode. The cui’ve of anode current 
anodes \'()ltage therefore benels over 
Ki'adually, as sliown by the full line of 
I^ig. 2-11. Al)<)ve saturation the es\ir- 
re^nt is not euitirely (sonstant but con- 
t>inues to rise someswhat with ane)dc 
%U)ltage. 'Tliis is explained by nseluo 
trion of (sle'ctron affinity with increase of external field (see Sec. 1-12), and 
l^^iesk of lioinog(snc‘ity of the siirfacsc of the emitter. The effect is particu- 
l^irly noti(S(ud)Ie with oxide-coateel cathodes. 

'dlus assurnptJons of nnife)rm fiesld and ee|uipotcntial cathode are 
^;iitisfi(s<l fairly (sloscsly in }ieater-ty])e diodes with cylindrical plates. The 
*\"oltag(‘ drop in filamentary cathodes may be shown to change Child’s 
law into |-})(>w(sr law at anode voltages relative to the negative 
1 ^ 11(1 of the filajutmt tliat arcs less than the voltage of the positive end of 
idus fihum^nt. This tends to make the lower part of the ih-eb curve steeper. 

('xact* effeust upon the curve of failure to satisfy the assumption of 
iiniforan fi<‘ld is (somplicated and impossible to predict completely. 

2-12. Effect of Initial Velocities of Emitted Electrons. —Modified 
f€)nns of (dhikrs kuv which take into consideration the initial velocities 
of eniit-ted (^c^cl-rons have been derived by Schottky, Langmuir,« and 
otluvrs.^ h'oi’ the |)uiq)<)S(^ of this l)<)()k, a (pialitativo explanation of the 
<>fT(V{,5t of init.ial velocities is sufficient. Let it first be supposed that 
» Hv.mmKt, W., Fhysik Z,, 16, 525 (1014); Ann. Physik, 44, 1011 (1914); Lanu- 
>1 tint, L, Phyn. ItetK, 21, 419 (1923); Davihhon, 0., Phya. Bev., 26, 808 (1925). 


Fuj. 2-11 . ■ *Curves of anode current. 
4 vs. anode voltage eb at two values of 
etui tter teinperaturo. 
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the electrons emerge with zero velocity. Under equilibrium coiKlitions the 
space current and the space-charge density assume such values that tlie 
average field at the cathode is zero (see Sec. 2-9). The field aud potential 
distributions in the interelectrode space are as shown iii h ig- 2-l(). ^ Now 
let the emitted electrons suddenly have initial velocities which^ lor the 
sake of simplicity, are assumed to be the same for all electrons, blhad rous 
that, without initial velocity, would have reentered the cat.luxle now 
move toward the anode in spite of the fact that the average field is zero. 
As a result, the current and the space-charge density increase.^ Tlu^ 
retarding field of the space charge now exceeds the ac(;eku'ating field of 

the anode, giving a net retarding field af. the 
cathode surface which slows up the (^IcHda^ons in 
the vicinity of the cathode. fi](iuilil)i*iuin 
results when the retarding field in tlu». vic^inity 
of the cathode is sufficiently higli so that tlu^ 
electrons are brought to rest in a ifiane a sliort 
distance 5 from the cathode, dlie avei‘ag(^ 
field in this plane is zero, but instiintaiie()us 
fluctuations allow just enougli (dec^trouH to i)ass 
to give the required anode current. '‘Flie 
behavior is similar to that whicli would obtain 
if the initial velocity were zero and <ait.liod(^ 
were moved toward the anode l)y th(^ distaiure 
5 . Because of the random distribution of 
electron velocities the phenomenon is aud tudly 
more complicated tlum this Hiinplified piciurti 
indicates. The simple theory shows, lu)\v(‘V(*r, 
that the effect of initial velocities is to increase tlie auuxh^ (mrix^nt- cuar- 
responding to any anode voltage and is, therefore, e(iuivail(uit to tlnit oi a 
small increase of anode voltage. Because the electrons emergt' witli vcdoo 
ities corresponding to kinetic energy of the order of a volt or l(\ss, t.lu^ 
effect is appreciable only for low anode voltages. The ficdd and |)ot(*ntial 
distributions throughout the interelectrode space an', plotted in h"ig. 2-12. 
That the potential must pass through a minimum whei‘(' tlu^ fic'Id is zcu’o 
follows from the fact that the field at any point may l)e ex|)r('SscMl a.H tlui 
space derivative of the potential at that point. 

The lower part of the ib-Ch curve of Fig. 2-11 is raiscxl slightly as tJie 
result of initial velocities of emitted electrons, and a sinall m^gativc. 
voltage must be applied in order to reduce the anodes (uirrtmt to zc'ro. 
Theoretical equations relating anode current and voltages at ix'gativ<? 
anode voltages have been derived by Schottky^ and Davisson." Btusause 

^ ScHOTTKY, loc. cit; Langmuir, loc. cit. 

2 Davisson, loc. cit. 



Fig. 2-12.—Variation of 
field strength and potential 
with distance from cathode for 
plane parallel electrodes of 
separation d. Initial veloci¬ 
ties of emitted electrons con¬ 
sidered. 
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of tlieir complicated form and because of failure to satisfy in practice 
tlie assumptions made in their derivation, these are seldom of great 
practical value. At negative anode voltages that are high enough to 
reduce the anode current to the order of 50 or less, the anode current 
of diodes with iinipotential cathodes follows closely the empirical relation 

(2-8) 

in which Ajx and k 2 are constants for a given tube. The current departs 
materially from this exponential law as the negative anode voltage is 
reduced in magnitude in the vicinity of ssero voltage, particularly at high 
cathode teinporatiires. Experimental curves corresponding to Eq. (2-8) 
were first obtained by Germerd 

Unless the plate of a highly evacuated diode becomes hot enough to 
emit electrons, increase of negative anode voltage beyond the value that 
reduces tlie current to zero has no further effect upon the anode current. 
The fact that anode current flows in one direction only is employed in 
the application of diodes to detection and to power rectification, which 
will be discussed in Chaps. 9 and 14. 

2-13. Relation of Richardson’s and Child’s Laws. —It should he noted 
that llicliardsonts equation and Cfliildts law apply to two different con¬ 
ditions of operation of two-element tubes, llichardsonts e(|uation holds 
only linden' voltage saturation, whereas Child’s law apiolics only under 
i,em})erature saturation. In most a{)i.)licati()ns, vacuum tubes are used 
in sucli a inaiuuu* that tcmixuuture siituration {)revails. 

2-14. Shot Effect.~d1u^ random motion of electrons causes rapid 
variations of ilic^ nnmlier of (d(u*.trons tliat pass from the cathode to the 
ancxli^ in unit tlrnc^, and tliiis produces flu(*tuiatic)n8 of anode current, 
''riiis iilienonumon, wliicdi may bo readily detected by th(^ use of sufficient 
ami)lifi(^ati(>ii, is (tailed the Hhot (^JecL It is one of the factors that limit 
ainjdification l)y vacmini tubas (see See. 6-28). 

Heating of the Plate.—dflie kinetic energy a<‘.<|uired by electrons in 
moving from tlui catliode to the plate is converted into heat when the 
idiMd.rons sl;rik(‘. plat(^. The average current tliat a vaciniin tube can 
|)ass is limitiHl by the teniperature of the plate at which absorlied gas is 
ilrivcMi out. of the jilaie or eh’jctren emission takes place from tlie iilate. 
Th(^ mnu’gy that is convertiul into heat at the jilate is ec|ual to the time 
iiii,(‘gral of iircxluet of the plate current and iilate voltage. Iladiation 
of hcnit from tlie iihiie is immuised l>y l>la<*Jceiiing its outer surfaec, 

2-16, Classification of Tubes.—Ekujtron tubes may be elassified in 
a nnrnlier of ways. Theses classifieations include tliose based ui)on tlie 
prowess involvcMl. in tluMuniHsion of ekxitrons from tlie cuitlioch'^, the degree 
of eviicuation, the niimlxu’ of electrodes, and th(*. tyixi of apiilication. 

‘ (Perm me L. lb, I^hiis. AVr., 25, 71)5 (1925). 
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2-13.—Structure of typical glass receiving tube. {Courtesy of Keii-rad Tube and Lamp Corp.) 

















Fig. 2-14.—A^embly of typical receiving tube. {Courtesy of Radio Corporation of 








































40 


APPLICATIONS OP ELECTRON TUBES 


[ChtA'p. 2 


Included in the first classification are the thermionic tube and the photo¬ 
tube. A theTTTiio'ii'ic tuie is an electron tube in which the electron oi ion 



emission is produced by the heating of an electrode. A 'plioiotidK is an 
electron tube in which electron emission is produced directly l>y radiation 
falling upon an electrode. According to degree of (nauuiation, idiad rou 



riG. 2-16.—Size of typical “acorn” tubes shown in comparison with u golf hall. {Cmrlr^i/ 
of Radio Corporation of Ayncrica,) 

tubes are classified as high-vacuum tubes and gas- or vapor-fillt'd tulicn. 
A high-vacuum tube {vacuum tube or pliotron) is an (dcctron tiilx! (‘vncuaf (•<! 
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to such a degree that its electrical characteristics are essentially unaffected 
by gaseous ionization. A gas-filled or vapor-filled tube (gas tube) is an 
electron tube in which the pressure of the gas or vapor is such as to 
affect appreciably the electrical characteristics of the tube. According 
to the number of electrodes, tubes are classified as diodes, triodes, pentodes, 
etc. For convenience or economy, or for reduc- i 


tion of spa,ce or weight, two or more sets of 
elements may be enclosed in a single envelope, 
''riius, tiuvre are duplex (double) triodes, duplex- 
diode })entodes, triode pentodes, etc. The diverse 
(iassificaition of elec-tron tubes ac^cording to ap¬ 
plication will be made in later chai)ters. 

2-16, Structure of Tubes.—Tubes are made 
with l)<)th, glass and metal enveloi)es.^ The 
princii)al advantage's of metal tubes lie in their 
great<n* m('chanica.l strengiii and in the fact that 
th(^ ('lee.ti’ 0 (l(\s a.rc ])ei*manently and completely 
shielded without the use of an external shield. 
FurtlK'rmon^, tlu^y do not nHiuire on the inside of 
t lu^ ('u vc'lope tlie (‘conducting coating that must be 
ustul in gia.ss tubes to prevemt tlic wall from acepur- 
ing a p()siifiv(‘! (iiarge as tlie result of secondary 
(unission caused by the impact of (dectrons tliat 
pass around the i)lat(V A disadvantage of metal 
tul)(‘s is tliat tile sluvlls become so hot in operation 
tiuit tlu^y (uinnot lie (‘.onveniently handled. This 
is of im|)ortance in the routine facitory testing of 
radio re<*(^iv(U‘s. Anothen* minor disadvantage is 
the im{)ossil)ility of determining visually whether 
the h(;at.(‘r is in operation. Glass tubes appear to 



Ix^ somewhat more rcdiable. In rectifiers, particu- , i « • 2-i7.- o n e - 

, , i I i 1 i-i 1 j • i-zi: luiiidrod-kilowatt water- 

larly, navlju tul)(^s a»r(^ likcuy to giv('. ditnculty as cooled tmawmitting tube, 

i,h(' ix'sult of sliort (‘iriniits. Figures 2-13 and 2-14 {Courtesy of Radio Cor- 

, ., . ,. T 4 * J 1 poration of Amoncao 

show thc^ construct,ion ol a glass receiving tulxi; 


Figs. 2-15 and 3-116 show typic.al metal receiving tubes. 

gr(‘at ra,nge in sizc^ of vacuum tulies is illustrated by Figs. 2-16 
and 2-17. Figure 2-1 (i shows a typical acorn tube, developed for use at 
V(uy high friupHuicies, at, whhdi it is esscmtial to keep lead capacitance 
and inducvtaiHx*, a.s small us possibles." No liase is iisecl on the acorn type 
of tub(‘, comuxd,ions Ixfmg made directly to the electrode leads. Figure 


^ PiKF., 0. W., and METCALr, (1. F., El(Hroni(\% Octolxa, 1934, p. 312. See also 
EledronicH^ 1935, p. 31. 

b., and HintN.Hn)E, I), (h, T/vk*. 23, 1142 (1935). 
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2-17 shows a 100-kw water-cooled transmitting tube of a type that is 
used in large broadcasting stations. 


Grids 

Dlctmefers mecrsute^ 
ix> 0. oof inch 

Cflih ode - SI eev6 W«ll 
Approxirnafeiy 
0.002Jnch thick 

Air Pressure 
Vm,000 000 fhctfof 
ptfmospheric pres^ 
sure at sea level 

Bulb 

fnspecte d under 
pofari'zed light 
for strains 



Plcitc 
Diameter gauged 
to 0.002inch 

Caihode Coating 
Weight variation 
less than 0.00001oz. 

Grid Wire 
Diameter does not 
vary more than, 

0.00009 inch 

Heater Wire 
Diameter does not 
vary more than 
0.00002 inch 


Fig. 2-18. —Materials used in typical radio receiving tubes. The complex nature of 
the structure of the modern vacuum tube and of the manufacturing processt^H are well 
illustrated by a consideration of the materials that are used. 

Gases.—Argon, carbon dioxide, chlorine, helium, hydrogen, illuminating gas, neon, nitrogim, and 

'"''^miaUand Compounds,— aluminum, ammonium chloride, arsenic trioxide, barium, lianun^ 

carbonate, barium nitrate, borax, boron, cesium, calciunu calcium ahmniuim fluoride, euluum 

ate calcium oxide, carbon, chromium, cobalt, cobalt oxide, copper, iridium, iron, lead, huul act 

lead oxide magnesia, magnesium, mercury, misch metal, molybdenuni, monel, mekel, phosnhoius, 

platinum, potassium, potassium carbonate, silica, silicon, silver, silver oxide, sodium, 

sodium nitrate, tantalum, thorium, thorium nitrate, tin, titanium, tungsten, xme, ziiu <hlontit, and 

Accessories.—Bakelite, ethyl alcohol, glass, glycerine, isolantite, lava,, malachite p'cen, marble 
dust, mica, nigrosine, petroleum jelly, porcelain, rosin, shellac, synthetic rosin, and wood liliei. 
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CHAPTER 3 


GRID-CONTROLLED HIGH-VACUUM TUBES 


3-1. The greatest single advance in the development of vacuum tubes 
undoubtedly came with the introduction by De Forest of a control 
electrode between the cathode and the plate of the diode. ^ The principal 
value of such a control electrode arises from the fact that relatively large 
plate current and powerimay be controlled by small variations of voltage 
of the control electrode relative to the cathode without the expenditure of 
appreciable power in the control circuit. 

A three-electrode vacuum tube containing 
an anode, a cathode, and a control elec¬ 
trode is called a triode. Figure 3-1 shows 
the cross sections of typical high-vacuum 
triodes. 

The form of the control electrode 
in early tubes led to the use of the 

I I—4 — 0 1 n i n 


(p) “$) 

Type 45 Type 56 I (c) 

Kkl 3-1.—Elcotrodo Htructuro of typi(^al filaaicii- Fiu. 3-2.—SyniboLs for filainonfcary 
tary and heator-type triodo roc^eivirig tubes. and heafccsr-type high-vacuum trioden. 




"F/Z&menf 
Heotiei - 

(oi) 




Cai'hooZe'^ 
''Frlameni 
Heofien 


(b) 



term grid for this 'electrode. A grid is now defined more broadly 'as an 
electrode that contains openings through which electrons or ions may 
pass. Many vacuum tubes contain two or more grids. In numerous 
applications of multigrid tubes the voltages of all but one grid are kept 
constant. This grid, called the control grid, serves to vary the plate (or 
other electrode) current by means of changes of voltage applied to it. 
The behavior of multigrid tubes with all grid voltages but that of the 
control grid fixed is in many respects similar to that of a triode. 

Standard symbols for filamentary and heater-type triodes are shown 

1 De Forest, Lee, U. S. Patent 841387 (1907); U. S. Patent 879532 (1908). 
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in Fig, 3-2a.^ Often circuit diagrams can be simplified by the use of the 
modified forms of Fig. 3-2&. In most circuit diagrams the filament and 
heater connections are of secondary importance and may be omitted. 
Whenever possible, therefore, simplified symbols such as those of Fig. 3-2c 
will be used. Except for the omission of the grid, diode symbols are the 
same as those used for triodes. Figure 14-20 contains the symbol used 
for a diode with two anodes. 

3--2. Theory of Grid Action, in Triodes. Equations for Plate and 
Grid Currents. —Electrodynamic analyses of the action of the grid in 



a - H fgh neg. g nd vo Ifgge’ h- Medium neg. grid vol+cfqfei 

Zero plafe curr^enf 



Ca'thod^ 

c- Zero grid voltage 


PJah 



Caihod^ 

d-small positive grid voltage^ 


Fig. 3-3.—Approximate field distribution resulting from applied voltages in a t riode 
with, plane parallel electrodes for fixed positive plate voltage and four values of grid volt age. 
Arrows indicate the direction of the force on an electron. 


controlling the plate current of a triode have been developed.- For the 
purposes of this book it will be better to present a brief qualitative dis¬ 
cussion of the phenomenon of grid control and to base siibsequcut depriva¬ 
tions upon empirically determined facts. 

In Fig. 3-3 is shown the approximate field distribution rc^sulting frcim 
applied electrode voltages in a triode with plane cathode and anodch 
Lines are used in the customary manner to indicate the electrostatiip (iedd, 
but, contrary to convention, the arrows indicate the direction in wliicli 
electrons are urged by the field. ^ The plate voltage is assumed to 1)C posi- 

^ ‘‘Standards on Electronics/’ p. 15, Institute of Radio Engineers, Nenv York, 1938. 

2 See, for instance, E. L. Chaffee, “Theory of Therrnioni<i Vaciitiin Tulxps,” 
Chap. VII, McGraw-Hill Book Company, Inc., .New York, 1933. 

3 No special effort has been made in Fig. 3-3 to depict the field disirihution accu¬ 
rately. Figure 3-3 is derived from more complete and carefully coristnupicHl diagraiuB 
shown on pp. 175 and 176 of “ Theory of Thermionic Vacuum Tu!)cs,” l)y E. L. (diaffcc. 
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tive and constant in value. If the grid is made sufficiently negatives with 
respect to the cathode, all lines of force terminate on the grid, and no 
field exists directly betweeia the plate and the cathode, 'riiis is illust>rai(al 
in Fig. 3-3a. The field at all points of the cathode is in tlie diroc^tiem to 
return emitted electrons to the cathode and so the |)late <vurr<rnt is 2 J(n’ 0 - 
If the grid is slightly less negative, some field will extend directly from t he 
anode to the cathode, as shown in Fig. 3-36, and tliere will 1x3 a force 
tending to carry electrons from certain points of the cathod(j to tli(3 anodes 
Further decrease of negative grid potential incr(xis<3s tlie arenas of iiic3 
cathode over which the field tends to remove cl(x;tronH and stnuigtliens 
the average field over these areas. As long as tlu^ grid is m^gativts with 
respect to the cathode, electrons can nundi tlie grid only if i.lu3y liavc3 
sufficient kinetic energy to overcome the retarding field terininating on 
the grid. Because the initial velocity of emission of the electrons is small, 
electron current to the grid is zero xinless the negative grid voltage is 
appreciably less than a volt. If the tube contains tract^s of gas, theux^ 
may be a small positive-ion current to the grid wlum the grid is negativ(u 
At zero grid potential, illustrated by Fig. 3-3c, no iioint of tli<3 (?athod {3 
experiences a retarding field. Initial velocities cause some electrons to 
strike the grid, giving a small grid current. When tlie grid is iiositive, as 
in Fig. 3-3d, there is an accelerating field ov(U’ tlu) wholes surface of Urn 
cathode. A portion of this field terminates on the g!*id, ciiusing aiiprecna- 
ble grid current to flow. 

As in the diode, the net field at the ca/thode is a(?tually tin*, n^sultant of 
the retarding field produced by tlie Hpa(xudiarg(3 and tlie fi(dd C4iusetl by 
the electrode voltages. Eciuilibrium is estaldislied wlien the average ludi 
field is zero at a short distance from, the (*.athod(u Increase of applital 
accelerating field causes the net field to iKxxmu^. ixisitlvo and tiuis idlows 
more electrons to go to the plate. The H|)ata) (uirrimt and spacer charge 
increase until the average net field is again zmx) a sliort distamai from the 
cathode. 

^ Since the field at the cathode depends upon the iiotmitial both of the 
grid and of the plate, tlie plate current is a fum^tion of liotli grid and plate 
voltages. This may be stated symliolically hy tlie functional equation 

ih == C<«) (S"t) 

in which % is the plate current, is tlie voltage, and is the grid 
voltage. Because of the screening action of the grid, only a iiortioii olUm 
field from the plate extends directly to the catliode, wlierc^as tluvre is 
nothing to intercept the field between the grid and tlie cathode. One 
is led to guess, therefore, that the plate cumuit is affix*, tcxl more by changcH 
of grid voltage than of plate voltage, Ic., tliat tlie grid voltage Is g 
times as effective as the plate voltage in controlling tlie plate current, g 
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being a factor greater than unity, /x is not necessarily constant. 4'he 
effect of initial velocity of emitted electi’ons is the same as f hongli a 
small increase were made in either grid or plate potential. (a)nt,a(‘t 

potentials may either increase or decrease the effective field at tlu^ (‘af.hode. 
It is convenient to combine the effects of initial vekxnty aaid (‘oiif act 
potentials into a single quantity e, an equivalent V()lta.g(^ that, would 
produce the same effect upon plate current as the initial v(4o(‘it>' |)lus t.la^ 
contact potentials, e is ordinarily so small in comparison with (‘xt(U’ualIy 
applied potentials that it may be neglected. This analysis hauls tn tlui 

assumption that the plate current is a function of (c* -f -f.e). 'This 

fact may be expressed by the functional equation 


ib = F{eb + + e) (?/ == const.) 6‘i-2) 

where T/ is the temperature of the cathode. 

The use of Eq. (3-2) is justified by the fact that if. is vau’ifiod c\xj)nri- 
mentally. Sometimes it is possible to make use of tin' moiv (‘xplicit 
approximate law” 


ib — ^4(^6 + yucc)'* (3-3) 

in w”hich A is a constant. The exponent n varies consirh^rably wit li grid 
and plate voltages, the values ranging roughly betwecm 1.2 and 2.6 for 
negative values of When either grid or plate voliag(‘ is nuunlaint‘d 
constant, however, the variation of n is often so small that n may 1 h; 
assumed to be constant over certain ranges. In sonu^ analys(‘H, n is 
assumed to be equal to 1.5 when Cc = 0, althougli actual Viihi(\s may 
depart appreciably from this value. 

X is called the plate amplification factor, or 8imi)Iy t,h(‘ amplilmtfimi 
factor of the tube. It is a measure of the relative elfecii vaau^ss < )f t he grii 1 
and plate voltages in controlling the plate curront. 'fhc ainnlilicaf ion 
tactor wiU be shown to be related to certain of the chamctcrist ic of 

a tnode, and it will.be defined mathematically on the basis of this ivial ion- 

thf depends upon the shap.' and spacing of 

the electrons and to some extent upon the i)lat,e cuiTcnt; it nwv 
also be made to vary with electrode voltages (see See. :j-7). Mloef ..‘h 
d 3 rQamic analysis, based upon the assumption flint fht* i 

p«^.e. of iotoite extent, that the «,i<, 1“ ““I,;!" 

to the diameter of the grid wire, and that the .epa,-,, ,. 1 ,,™,. 
eleotrodee « aero, jdelds the folloidng appinximate for..,,,]!; 

„ =_27rp 

Ci-l) 


for /a: 


a log< 




' Kusttnose, Y., Proc. I.R.E., 17, 1706 (10201 

8. 21 (lolo); SA..Z 
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in which p is the distance between the planes of the grid and the plate^ a 
is the distance between adjacent grid wdres, and r is the radius of the grid 
wire. The following approximate expression for g applies to an electrode 
structure in which the anode and the cathode are long cylinders and the 
grid is helical.^ 




_ 

a iog« a/2Tr 


(3-5) 


in which pp and p,, are the radii of the anode and grid, respectively, and a 
is the spacing of the grid wires. Because of factors neglected in the 
derivation of Eejs. (3-4) and (3-5) and also becatise modern tube design is 
based largely upon empirical methods, the value of tliese equations lies 
mainly in thc3 indication that they give of the general effects of triode tube 
dimensions upon tlie amplification fa(5tor. 

The effect of space charge is to cause a variation of amplification 
factor with plate current or electrode voltages. Except in the case of 
“variable-rnu” tubes (see Sec. 3-7), in which the grid wires are not equally 
spaced, the variation of p with electrode voltages is sufficiently small so 
tluit p may often be assumed to be constant over the working range of 
(Uirrent and voltag(\s. At positive grid voltages, liowever, diversion of 
current from the plate to the grid lowers p. 

The grid current of a triode is also a function of the grid and plate 
voltages. This fa(*.t may be expressed by the functional equation 

ic == + e) (T/ = const.) (3-6) 

in which the grid aniplijlmtmn factor, is less than unity. 

3-3. Time of Transit of Electrons- —Because of its small mass, the 
acceleration of an elcuitron is so rapid tliat the time taken for electrons to 
pass from the cathode to the plate may tisually be neglected and the 
response of elec-trode cunxmts to changes of (dxwtrode voltages considere/l 
to be instantaneous. At the very high frequencies corresponding to wave 
lengths of tlie order of a few meters or less, however, time of transit must 
l)(i taken into consideration.^ Since the operation of vacuum tubes at 
ulti*ahigh, fre(|u(mc.i(^s will tiot Ire discnissed in detail in this book, the time 
of transit of electrons will usually 1)0 neglected. 

3-4. Static and Dynamic Characteristics.-~--Theoretical and practical 
studies of the performance of vacuum tubes and vacuum-tube circuits are 

^ ABiiAriA.M:, H., Arch, ElekirotevJk, 8, 42 (1919); Kino, E. W., Phys, lisv., 15, 256 
(1920). 

^Bk'nham, W. K., Phil, Mag,^ 6, 641 (1928); F. B., Ftoc. I.IIB.; 

21, 1532(1933); 22, 047 (1934); 23, 112 (1935); Omaffkk, J. il, Proc, 1.11 Bl, 22, 1009 
(1934); Febris, W. 11., Proe, IPUL, 24, 82, 105 (1936); Noimi, I). 0., Froc„ IM.B,, 
24, 108 (1936); Braineiu), J. G., Kouhler, (I., Rbxch, H. J., and Woodbote, L. P., 
Ultra-high-frequency Tecliniques,^^ D. Fan Nostrand Company, Inc., New York, 
.1942. 
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APPLICATIOm OF ELECTUON TUBES 


.reatly facilitated by the use of curves relating the elee.trcKlo curnmts and 
voltaU, called characteristics. Astatic electrode clutraMic is a relatkm, 
usually shown by a graph, between the voltage and th(, (uneut ol tliat 
electrode, other electrode voltages being maintanuHl con.sUurt A statzc, 
transfer characteristic is a relation, usually shown by a gi.iph, .('f-wet-n the 
volta,ge of one electrode and the current o another electrode all other 
voltages being maintained constant. Unless o herw.se sp.w.i.ed, the 
term transfer characteristic is understood to app y to char.u'ienst.cs relat¬ 
ing control-grid voltage and plate current, which are the most Ireciueritly 

used transfer characteristics. _ 

Strictly a static characteristic is one obtained witl. steady voltages, 
whereas a dynamic characteristic is one obtaiiuHl with altcTiuit.nig voltages. 
Inasmuch as all voltages but one are specified to Ix^ (vonstant. ru aI)ove 
definitions, the characteristics obtained with altin-iuituig v<)ltnp;(NS differ 
from those obtained with direct voltages only whim tlu‘ (nninmivy is so 
high that tube capacitances and electron transit timc^ (‘aus(‘ Mppreihible 
out-of-phase components of current. The torin dynmnir imn^ir char- 
actcTistic has come to he applied to a transter ehauu-iei isii(‘ obf uincul with 
alternating control-grid voltage when the elc(*t»i<)(le euinmif under eon- 
sideration passes through an external impedaiuu% (‘iilhal the had imped¬ 
ance, the supply voltage for that current l)eing inaintaimxl (»onstant. 
Voltage drops in the load impedance cauHC the (^Icndrode voltiige to differ 
from the supply voltage, and the electrode voltage^ to \niry wit li cnirrent. 


In general, IR drop in the load causes the translVn* {‘haraohnnstie to be 
affected by load even when the characteristic is (hu’ivi^tl l>y using steady 
voltages. Extension of the term dynamic transfer rharartrrisiir to include 
such a characteristic may be justified by considcu’ing it to I)i‘ a limiting 
curve obtained as the frequency of alternating voltngt^ is to api)roa(5h 

zero. 

There are four sets of static characteristics of iric)d(*s, ffdicy are the 
plate characteristics 4^5.65 at constant values of rv; tlie grid cluiraileristica 
ie vs. Co at constant values of Ci, the grid-plate translVr «*!uirntdc‘riHtic 8 i% 
vs. ec at constant values of and the platc-g!'i<l transfer charaeteristics 
ie VS. Cb at constant values of Co.^ The behavior of a, triodo is tmin{)letely 
specified by either the plate and grid families of charaettnist ten or the two 
families of transfer characteristics. 


^ Since the static characteristics are constructed by ting (*(nTeHiKmcliu|j: values 
of direct voltages and currents, the letters used in rt'proHenting tliuni* voltages and 
currents should be capitals to be entirely in acesord with tlu‘ systfuii (bf iHiiitcuiulature 
used in this book (Sec. 3-17). In most applicntioim of tin*. elianudoriMt it* uiirvw, how¬ 
ever, the currents and voltages are assumed to vary, luni sn itiunt 1 m* ro|iri^simted by 
lower-case symbols. For this reason, lower-case syiuhtdH have* hern used in Eqs* 
(S-1) to (3-6) and will be used for all characteristic curves. 
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In. Figs. 3-4a and 3-46 are shown typical cliaracteristi(^H lor a triod(\ 
The bending of the 4-Cc curves of Fig. 3-46 at positive valu(‘s ol 
particularly noticeable for low values of plate voltage, is (uiustul l)y divcn- 



0 100 200 300 400 500 

Plate Vol+3y e|^ 

Fig. 3-4a.—Typitiul triodo plate cluiracterjHtieH and plate-Riid traiiHfca' eharaeteri«lieH. 

sion to the grid of electrons emitted by the cathoch^, and by scH*.oncliiry 
emission. Secondary electrons emitted l,)y the plate wlien the grid volt fi#^ 
exceeds the plate voltage are drawn to the grid and (constitute a (nimuit 
opposite in direction to the normal plate current. Ty][>ic4il cnirves of 4 mid 
4 vs. Ch at lai'ge positive grid voltages 
are shown in Fig. 3-4C. The reversal 
of curvature of the plate (diaraccter- 
istics of Fig. 3-4c between the |)latc 
voltages of 50 and 100 for grid voltages 
of 45 and above is also the result of 
secondary emission. 

The points at which the character¬ 
istic curves intercept the voltage ax(cs 
are called cutoff points^ and tlie cor¬ 
responding voltages, the cutoff voltages. 

An appro^dmate relation between gi*id 
and plate voltages at plate current 
cutoff can be derived from Ecp (3-3). 

When % = 0, (e/, + jue,.)'' = 0- ^'Ids 
can be true only if en = —gCo- Because p is never strictly 
the accuracy of this relation depends upon the voliagi^s at. \vhi<‘li /i 
is evaluated. Considerable error may result when tluc usual publiHlied 
value of ju is used, but the relation is often tiseful in making a 



TYPE 6 F 6 
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Connection 


-60 


-40 -20 0 20 40 

6rid VoHafpx *3^ 

Kkj. 3-46.*"’"Typimt (riiah* friiC pliif« 
trannfor cihaructoriHlirM nn«l guti rlituiir 
torifctticw (.mines tuins aw lor !•%. M«lrrU 




50 


APPLICATIONS OP BLMCTROU TUBES 


('('hap*. 3 


rapid approximate determination of cutoff voltages. Be(*4Uis(' ot Inrk 
of homogeneity of the emitter, voltage drops in the cathodes, 
of the electric field at various points of the cathode, and (lisi.rihul ion of 
initial velocities of emission, the intersections of the clia,raet<Miwl.ic. 
with the voltage axis at cutoff are not sharp. Althongli some" grid 
current usually flows at negative grid voltages lower than luilf a, volt, to a, 
volt, the simplifying assumption is often made that grid (iurrc‘nt. c*utotT 
occurs at zero grid voltage. 

The transfer characteristics of Fig. 3-4b may be derivt^l f 1*001 tin" 
plate characteristics of Fig. 3-4a, and vice versa. In ( 'hai>. 4 it, v’ill he. 
showm that much essential information concerning the i>(‘rformaiH*t^ of 



tubes in circuits may be obtained from the pkte charack-ristios. It in 
important to note that in tubes with filamentary cat,bodes t lic Ki-id and 
fikment measured with respect to the iiegaf.ivo cad of t}„- 

The curves of plate and grid current against catho(l<> ferni lei-d ti i-c < ,r 
tnode are similar to those of plate current against 

of a dmde, but voltage at which saturation becomes upimrent .ifnends 

Xa^ys o^eraltab'^ttm^^^^^ ‘ 

operatic. 

eertaia tube /ceiers whose aumeriest v.l I lie use of 

^tractioa the t.be sad ap„„ the 
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which serve as indices of the ability of given tubes to perform specific 
functions. Although only triodes have been discussed so far; it will be 
convenient also to prcvsent at this point general definitions that apply to 
tubes with more than three electrodes. 

Mu-factor is the ratio of the change in one electrode voltage to the 
change in another electrode voltage, under the conditions that a specified 
current remains unchanged and that all other electrode voltages are 
maintained constant. It is a measure of the relative effect of the voltages 
of two electrodes upon the current in the circuit of any specified electrode. 
As most precisely used, the term refers to infinitesimal changes. Sym- 
l)()lically, mu-factor is defined by the equation 

=== _ ^ const.) (3-7)^ 

The most important mu-factor is the control-grid-plate mu-factor, 
or amplification factor. Amplification factor is the ratio of the change in 
plate voltage to a change in control-grid voltage under the conditions 
that the plate current remains unchanged and that all other electrode 
voltages are maintained constant. It is a measure of the effectiveness of 
the control-grid voltage, relative to that of the plate voltage, upon the 
plate current. The sign is taken as positive when the voltage changes of 
the two electrodes must 1)0 of opposite sign. As most precisely used, the 
term refers to infinit(3simal cjluingcs. Symbolically, amplification factor 
is defined l)y the ec|uation 

^ ^ = const.) (3-8)'^ 

It must be i)roved that the factor g wliich appears in Eqs. (3-2) and 
(3-3) is tlie sanKi as that defined l)y lOcj. (3-8). Examination of Eq. (3-2) 
shows tliat, unl('.ss tlie [ilatc^ (uirrent is indcqxmdent of electrode voltages, 
which is true in practice only when the curi*ent is zero or saturated, 4 is 
constant only wlien + pon + e ih constant. Since tubes a,rc seldom 
used coritimiously either with zero plate current or witli saturation plate 

^ Although the partial dxu’ivative iinpli(vs that other variahlos arc held constant, for 
the sake of emphasis it scunns advisalilc in this and following CMiuations to indicate 
the constant paranuhtu’s in panmtheHCS. 

Tlie syinl>olic definitions of tube factors arc iiHiially written, in terms of the 
alternating c.oinponent.s of electrode voltages and currents, rather than, in terms of the 
total values. Sitie.e the dilTm’ence lieiween the inst.antaneoiis value of tlic alter¬ 
nating (‘-omiionent of a varying (piantity and tlm instantaneous total value of the 
quantity is e(pial to thi^ average value, the derivative of wliich is zero, derivatives of 
tlie ah.ernating component and of the total quantity are eipiivalent. In order to 
s1k)W more (dosoly tlie relation of the tube factors to the cliarjicteristic curves, and to 
simplify derivations based upon Eq, (3-2), the tube factors will lie defined in ternis of 
the total values of currents ami voltage.s (see 8ecs, 3-16 and 3-17 for symbols). 
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current, % is constant when 


^6 + + € = const. 

Ci-w) 

Differentiation of Eq. (3-9) sshows that 


dchl _ 

dCc jtf» =*= (lOllMlr. 

(3-I«) 

or 





(3-1 1) 


Since Eq. (3-11) is identical with Eq. (3-8), the factor of « 

the same as that of Eq. (3-8). 

(A-c) electrode conductance is the ratio of the; ehuiiKt' in t h,. eurrc'iit 
in the circuit of an electrode to a change in (Ji(> voltage <if (iie .xame 
electrode, all other electrode voltages l)eing luaintaiiu'ii coiislant. ' A.H 
most precisely used, the term refers to infinitesimal ehaiige.s ns indietikHl 
by the efefining equation' 

(«., c,, etc. - const.) (,q.j 2 ) 

(See also Sec. 3-26.) 

{A-c) electrode resistance r,- is the rccipnxail of eleetro.le eoiaiuetauei* 

The electrode conductance that is used most fre.jueutly in the analvaiH 
of vacuum tubes and vacuum-tube circuits i,s the pl„fr ' ' 


Qp = 


Hh 

dei, 


(t’e = eoiust.) 


(3-1 ;i) 


(Cc = const.) 


(3.M) 


(A-c) plate resrstance is the reciprocal of plate comhiefanee.' 

rp ^ ^ 

^ Hv dii, 

(See also Sec. 3-26.) 

the d-c electrode conductance, which is deqno!l ’a " runlnmnl witli 

electrode current to the total or direct electro 1 ' **«^J*^^ *»f tlw totul or direei 

resistance defined by Eq. ( 3 - 14 ) must not hi T r 

e./n. _D-c electrode conductalranrri s """I- 

essential in the analysis of vacuum tnlw * ' ‘"“’’''b" <>! Mitm- (t«<vi»r 

conductances and resistances are usulllv n'f' 'I?’,'''"*'.''’ Horn.,, ll,,. 

resistances, the adjective “a-c” being omitted''''''* '* '■‘’"diuinnws iind 



Sec. 3-5] 


GUID-CONTROLLED HIGH-VACVVM TUBES 


53 


precisely used, the term refers to infinitesimal changes as indicated by 
the defining equation 

9^'^’ - = const.) (3-15) 

aeu 

The transeonductance most frequently used in the analysis of vacuum 
tubes and vacuum-tube circuits is the grid-plate transconduMance {fnutual 
conductance), which is defined symbolically as 

(Jm = ^ (C6 = const.) (3-l()) 

Unless otherwise specified, the term iranscAyndiudAin^^^^ usually refers to 
control-grid-plate transeonductance and will be so used in tlie remainder 
of this book. 

Grid Factors. —In many applications of vacuum tubes the operating 
voltages are such that no condiudiion current flows to the control grid 
and all electrode voltages except those of the (ionti'ol grid and tlie plate 
are kept constant. Under these conditions, vaciuiin-tube problems and 
derivations can be treated by the use of only three of the facitors tliat 
have been defined: /£, r^>, and If conduction (uirrent flows to the 
control grid, it may be necessary to make use of the cjorresponding 
control-grid factors, which arc defined symbolic^all^^ as follows: 

Grid amplification factor g,, — — (4 (‘,onst.) (3-17) 

(j( It 

c)"? 

Grid conductance ga = (<•/, = conHi,.) (3-.18) 

CiCa 

Plate-grid tranMonductance g^ — ~ (r« = (M)nHt.) (3-111) 

oCit 

Because of tlie effect of space charge and bo(;auH(5 of division of the total 
cathode current lietween the grid and tlu^ plate, is not in general the 
reciprocal of g. 

Proof That gm = g/r^,.—Only two of tlu^ |)]at*e fa.(ttors arc' indc^ixaident. 
This',may be sh(.)wn by taking the i,)artial derivaUvi^s of tlie plate current, 
as expressed by E(|. (3-2). 


!7». = + Mf. + 0 

(3-20) 

(Ip ~ ~ + M<’c- + e) 

(3-21) 

Dividing Eci. (3-20) by Eq. (3-21) givess 


ffm U 

~ - n or g^ = - - 

Hv rp 

(3-22) 
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applications of electron tubes 


A similar derivatiou, based on Eq. (3-6), shows that 


Qn 


Tg 


( 3 - 2 : 1 ) 


3-6. Relation of Tube Factors to Characteristic Curves. -^FIk^ (lolim- 
tions state that g^, g^, and m are the slopes of the *«>< e,,-r,. 

curves, respectively, at points corresponding o gi\(u \o agus. 
Values of these factors may, therefore, be detenmued ac.cui-iih'ly by 
measuring the slopes of the static characteristics at_points eurivsiK Hiding 
to the electrode voltages, and approximately by taking the ratios ol siiiiill 
increments of current and voltage corresponding to points (in the eharac- 
teristies. All three factors may be determined from a single family of 
characteristics. The most accurate method of obtaining the thri^i' phife 



Fig. 3-5.—Method of deterrnining triode 
amplification factor from the family of plate 
characteristics. 



Fig. 3-6.—Typical triodt' cirtv chantcttM' 
istiCH. (Dct'iv'cd from U««4ti.) 


factors of a triode directly from the plate family of (iharnef erislic.'^ is to 
find Tp from the reciprocal of the slope of the tangent t.o the curve 
at the point corresponding to the given electrode voltage's, p IVmu the 
ratio of Aej to Aso at the constant current of the i»int, ns siimvn in h’ig. 
3-S, and from the ratio of to rp. Curves of c,, rx. v,. at, constinit. 4 
for a typical triode are shown in Pig. 3-6.‘ The prac.ticull.v consinnt. 
slope of the curves except at low plate voltage,s and high iio.silii'i' grid 
voltages indicates that over the normal operating range t.lu; iunplilicat ion 
factor is nearly constant. Except in tubes desigiHKl to liaiu' viii'iabhs 
amplification factor (Sec. 3-7), the variation of g ovru' the, noriunl range 
of voltages does not exceed 10 to 15 per cent in triodos. Jh'Ciiu.sr' of tlic 
small variation of g at negative grid voltages, fairly liu-g(i v()!(!!,g<' incre- 

curves are not usually used m the solution of yjunaun-tul.o prohfi'tii.s anil 
are shown here only to point out the nearly constant value of the amplific-iit iim riicliir 
m the normal range of voltages. 
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ments may be used without great error in determining its value from the 
plate characteristics. Some increase in accuracy is gained by using a 
grid-voltage increment such that the point at which m is desired is at the 
center of the increment, rather than at one side as in Fig. 3-5. 

3-7. Sharp-cutoff and Remote-cutoff Grids. Variable-mu Tubes.— 
Thus far it has been assumed that the grid-wire spacing and diameter 
and the spacing of the grid from the cathode are uniform throughout the 
length of the grid. When this is true the field strength does not vary 
greatly over the cathode surface and so the negative grid voltage neces¬ 
sary to prevent electrons from going to the plate at any value of plate 
voltage is very nearly the same for all points of the cathode. The static 
transfer characteristic therefore ap¬ 
proaches the grid-voltage axis relatively 
sharply. For this reason a grid of uni¬ 
form structure is called a sharp--€utoff 
grid. If some dimension of the grid, 
such as the spacing between the wires, 
varies along the grid, on the other hand, 
the field at the cathode varies cor¬ 
respondingly at tlie cathode surface. 

A greater negative grid voltage is re¬ 
quired to prevent electrons from lejiving 
the cathode at ])()ints corresponding to 
portions of the grid whc^rc the si)a.cing 
is large than to |)()rti()ns whore the spac¬ 
ing is small. (tutoff (unisequently takes 
place at different values of grid voltage at different parts of the cathode 
and so the static transfer (diaractcristic approaches the axis gradually. 
Such a grid is known as a gradual’-cutoff or r&mote-cutoff {supercontrol) 
grid. Becaus(3 th(3 mu-fiuitor corresponding to an elementary length of 
the grid vari(3S along the gr’id and beciaiiso the mu-factor of the entire 
grid varies greaiJy with, electrode voltages, such a grid is also termed a 
tmdabUh'nm grid. A tube that has a variable-mu control grid is called a 
varial>le-nui tu!)(3. 

Figure 3-7 sliows the static tra>nsfer (characteristics of two comparable 
tul)es, one of wlu(*ii has a sharp-cutoff control grid, and the other a 
remote-cutoff control grid. Mtiltigrid tubes may contain both one or 
more sharp-cut-off grids and one or more remote-cutoff grids. The 
advantages of rem<>te-cutoff grids and tubes are discussed in Secs. 6-19 
and 6-25 in connection with their use in voltage amplifiers. 

3-8. Multigrid Tubes. —Many desirable characteristics can be 
attained in vacuum tubes by the use of more than one grid. The most 
common types of multigrid tubes are the tetrode and the pentode. A 



P/afe voltage ~250V 

Screen voltage = IQO y 

Suppressor voltage - 0 


-60 -50 -40 -30 -20 -10 0 

Control Grid Voltage 

Fkj. 3-7.—Comparison of transfer 
(‘.harao tori sties of similar tubes having 
reiuote-tmtoff (6K7) and sharp-cutoff 
((hSJ 7) grids. 
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tetrode is a four-electrode type of thermionic tube containing an anode, a 
cathode, a control electrode, and an additional electrode, which is 
ordinarily a grid. A 'pentode is a five-electrode type of thermionic tube 
containing an anode, a cathode, a control electrode, and two additional 
electrodes, which are ordinarily grids. 

The symbols for tetrodes and pentodes are similar to those for triodes, 
the various grids being shown in the relative positions that they occupy 
in the tubes. A special symbol, shown in Fig. 3-86, is often used for 
screen-grid tetrodes. 

The Screen-grid Tetrode. —One stimulus to the development of 
multigrid tubes was the necessity of reducing the capacitance between 
the grid and plate of the triode. If a vacuum tube used in a voltage 
amplifier has high grid-plate capacitance, the relatively large variations 
of plate voltage may induce appreciable variations of grid voltage. If 
the phase relations are correct, this induced grid voltage may add to the 
impressed alternating voltage in such a manner as to cause the amplifier to 
oscillate (see Sec. 10-28). This difficulty imposes a limit upon the ampli¬ 
fication that can be attained in radio-frequency amplifiers. For some 
years the problem was solved by neutralizing.^' Neutralization consists 
in connecting the grid through a small variable condenser to a i)oint 
in the output circuit whose voltage is opposite in phase to tliat of the 
plate. The condenser may be adjusted so that it balances out, or 
neutralizes, the effect of the grid plate capacitance. Diffi(nilties of 
adjustment, circuit complications, and the cost of patent royalties made it 
advantageous to solve the problem by removing the cause, rather than 
by counteracting it. This was accomplished by introducing between 
the control grid and the plate another grid, the screen grid, tlic purpose 
of which is to shield the grid from the plate, and thus reduce tlie grid-to- 
plate capacitance.^ Further reduction in capacitance betweem the grid 
and the plate was attained by placing the control-grid terminal at tlie top 
of the tube, instead of on the base. The screen-grid tetrode |) roved to 
have other characteristics which are fully as important as its low grid- 
to-plate capacitance. 

The general construction of the elements of a type 24A screen-grid 
tetrode is shown in Fig. 3-8a. The screen grid consists of two c-ylinders 
of fine-mesh screening, one of which is between the plate and tlie control 
grid and the other outside of the plate. These two cylinders are joined 
at the top by an annular disk, which completes the shielding. The 

^ ScHOTTKY, W., Arch. Elektrotech.j 8 , 299 (1919); U. S. Patent 1537708; Baek- 
HAXJSEN, H., Jahrl. drahtl Tel u. Tel, 14, 43 (1919); Howe, G. W. 0., Radio Rev,, 2, 
337. (1921); Hull, A. W., and Williams, N. H., Phys. Rev., 27, 432 (1926); Hull, 
A. W., Phys. Rev., 27, 439 (1926); Warnek, J. C., Proc. I.R.E., 16, 424 (1928) (with 22 
references); Prince, D. C.;Proc. I.R.E., 16,805 (1928); Williams, N. IL, Proc. LRJL, 
16, 840 (1928); Pilgeon, H. A., and McNally, J. 0., Proc. I.R.E., 18, 266 (1930). 
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potential of the screen is normally intermediate between the quiescent 
potentials of the cathode and the plate. The positive voltage of the 
screen draws the electrons away from the cathode. Some of these 
electrons strike the screen and result in a screen current which usually 
perfoi’ms no useful function; the rest pass through the screen grid and 
into the field of the plate, which causes them to be drawn to the plate. 
Since the electrostatic field of the plate terminates almost completely on 
the screen, the capacitance between the plate and the grid is very small. 
Furthermore, variations of plate voltage have little effect on the plate 
current. The control-grid voltage, on. the other hand, is just as effective 
as ill the triode. The'cliange in plate current resulting from a change 
in plate voltage at constant grid voltage is 
small, and the ratio of the change in plate 
voltage to the change in grid voltage, 
necessary to produce a given change in 
plate current, is very high. It follows from 
the definitions of plate resistance and am¬ 
plification factor that the screen-grid tetrode 
has high plate resistance and high amplifica¬ 
tion factor. By proper clioice of control- 
grid structure and spacing of electrodes the 
transconductance can also be made high,. 

A screen-giid tetrode can tliereforo be 
designed to have the same tninsoonductance 
as that of an equivalent triode and very much higlier amplification factor 
and plate resistance. 

In Fig. 3-9 is shown a family of j)late characteristic's for a typical 
screen-grid tetrode, the type 24A. Thci ruigativc slope of the character¬ 
istics at plate voltages lower ttian the screen voltage is the result of 
secondary emission from the plate. At jsero plate voltage thm*e is a small 
plate current which results from those edeuitrons wliich, |)aBH througli the 
screen with sufficient velocity to reach the plate. Ab the |)late voltage 
i,s raisc^d, more and more edee^trons are drawn to the. plate after i)aBBirig 
througli the screen. The velocity with which they strike the plate 
increases with tlie plate voltage and, when c* is about 10 volts, becomes 
sufficiently iiigli to ]:)roduc.e ax)preciable secondary ennission from the 
plate. Because the screen is at a higher voltage than the plate, these 
secondary electrons are drawn to tlie screen, Since the secondary 
electrons move in the dinuition opixisito to that of the primary electrons, 
they reducic the net plate current. If the plate is not treated to reduce 
secondary emission, the number of se<u)ndary ehjctrons leaving the plate 
may exceed the numlDcr of |,)riniary electrons that strike tlie plate, and so 
the plate current may reverse in direction. This is shown by the dashed 



.Fid. S-H.— (a) lijloctrodd Blnic- 
tur« of H(iroon«gt‘id 

U^troclo. (/;) ThIhs HyinbolH for 
filaitioMiary iu)d h o a t o r -1y p o 
i-Kri(l ictroddH. 
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curve of Fig. 3-9, which is for the old type 24A tube, with untreated 
plate. 

It is, to be expected that all secondary electrons emitted by the plate 
will return to the plate when the plate voltage is higher than the screen 
voltage. The rise in plate current starting at voltages considerably 
lower than the screen voltage shows, however, that many secondary 
electrons return to the plate while the screen is still positive relative to 
the plate. The reason for this is the retarding field at the plate pro¬ 
duced by electron space charge between the screen and the plate. (It will 
be explained in Sec. 3-11 how tubes may be designed so that this space 
charge prevents secondary electrons emitted by the plate from going 
to the screen even at plate voltages much lower than the screen voltage.) 



I'lu. 3-9.—Typical screen-grid tetrode plate oliaraoteristics at 90-volt Hcrocni voltago, i , s. 


As the plate voltage approaches the screen voltage, the field at the platti 
produced by the screen voltage becomes less than the retarding field 
of the space charge and so the slower-moving secondary electron.s are 
returned to the plate. At voltages higher than that at which all second¬ 
ary electrons are returned to the plate, secondary emission f rom the iilate 
has no effect upon the plate current, which is then determined almost 
entirely by the screen- and control-grid voltages. Since very little of the. 
plate field penetrates to the cathode, further increase of plate voltages 
has only a small effect upon the plate current. The ima-ease of 
plate current at plate voltages higher than the screen voltage is accounted 
for partly by increase in the number of secondary electrons from the 
screen that are drawn to the plate. 

3-9. The Space-charge Tetrode.— Instead of using the inner grid 
of a tetrode as the control electrode and applying a positive voltage to 
the second grid, it is possible to operate the tube by applying a small 
positive voltage to the inner grid and using the second grid as the control 
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electrode..^ The positive voltage on the first grid overcomes the effect 
of the space charge in the vicinity of the cathode^ and thus increases the 
plate current and the transconductance. Some of the electrons are 
drawn to the positive inner space-charge grid^ but the remainder pass 
through this grid and into the region controlled by the second grid and the 
plate. The effect is in some respects the same as though the cathode 
were placed much closer to the control grid in a triode. A high negative 
voltage on the second grid prevents the electrons from passing to the 
plate and returns them to the positive space-charge grid. As the negative 
control-grid voltage is reduced, more electrons pass to the plate and fewer 


plate current increases, and the 



^ -6 -5 “4 -3 “2 -1 

Voltage of Second Grid 

Fia. 3-10.—Characteristics showing 
first-grid current id and plate current % 
of a spaco-charge tetrode as a function 
of socond-grid voltage Gch. 


to the space-charge grid. Thus, the 
spacc-charge-grid current decreases 
with decrease of negative voltage on 
the control grid. Figure 3-10 shoAvs 
typical curves of plate current and of 
first-grid current as a function of 
second-grid voltage. 

Although the transconductance of 
a space-charge tetrode is greater than 
tliat of a triode with a similar cathode, 
the relatively high current to the 
space-charge grid results in a less effi¬ 
cient use of the cathode current. 

Because more rec,ently developed pen¬ 
todes liavc niiu‘.h l)etter charii.cteristi,(^s than space-charge tetrodes, space- 
(rliargo tetrodes are now used only in special applications, some of which 
will be discnisscd in later chapters. 

3-10. .The Pentode. —-For most applications the curved portions of 
tlie cliarac^teristic curves of sca-cen-grid tetrodes at plate voltages lower 
tlian the scr(Hvu voltage are undesirable. In amplifiers, excessive dis¬ 
tortion r(^sults if the tube is operated in this region and, if the circuit 
(contains inductance and capacitance, oscillation may occur (see Sec. 10-17). 
K,(vstri(*.tion of ojxu-ation to the region to the right of the plate-current 
dip reduces tlie output voltage or i)ower that can be obtained at a given 
valtie of o|)erating plate voltage. 

By the use of a ribbed plate and special treatment to reduce secondary 
(uiiission, it is possible to design tetrodes whose characteristic curves 
do not have portions with negative slope. The type 48 tetrode is an 
exjiin|)le of sucli a tul)e. The effects of secondary emission can also be 
reduced or (diminated l)y preventing the secondary electrons emitted by 


1 Aiidknnc, M. von, flochfrequenzte.cM,, u. Elektroaktistik, 42, 149 (1933). Sec 
also \Vird(m Eng.^ 11, 93 (1934) {al>Htr.); I. I^a.nomtjik, U. S. Patent 1568437, filed 
Get. 29, 1913; Warner, lor. eit. 
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the plate from going to the screen. This can be done by placing 
between the screen and the plate a third grid, called the suppressor grid. 
Figure 3-1 la shows the arrangement of the electrodes of a typical sup¬ 
pressor pentode of the voltage amplifier type, the 57. The purpose of the 
shield in the dome of the tube is to shield the control-grid lead and 
terminal from the plate. This shield is connected internally to the 
cathode and shaped so as to act as the continuation of an external shield 
which may be placed around the tube. In voltage pentodes of more 
recent design, such as that shown in Fig. 3-116, special precautions in 
placing and shielding the leads have made it possible to connect the 

control grid to a base pin instead of to a 
terminal at the top of the tube.^ In power 
pentodes the control-grid terminal is in the 
base of the tube. 

Figure 3-12 shows a series of plate charac¬ 
teristics of the 57 tube at constant control-grid 
and screen-grid voltages for a number of sup¬ 
pressor-grid voltages. It can be seen that the 
secondary-emission dips move to the left and 
become less pronounced as the suppressor-grid 
voltage is reduced below the screen voltage. 
When the suppressor voltage is zero, i.c., when 
the suppressor is connected to the cathode, the 
secondary-emission effects are almost entirely 
absent. 

The explanation of the action of the suppressor is simple. When 


Terminal 


Shield 



Fig. 3-1 la. —Electrode 
structure of the type 57 ijen- 
tode. OiOa, and Gz are norm¬ 
ally the control, screen, and 
suppressor grids, respectively. 


the suppressor is connected to the cathode, the field between the plate 
and the suppressor is always such as to move electrons toward the plate. 
The secondary electrons removed from the plate have sufficiently low 
velocity of emission so that even at low plate voltages few can per¬ 
manently leave the plate against this retarding field. Velocity acquired 
by the primary electrons in the space between the cathode and the screen 
carries most of them through the screen and suppressor and thence into 
the field beyond the suppressor, which draws them to the plate. 

The additional shielding effect of the suppressor grid results in grid- 
plate capacitance that is even lower than that of tetrodes and in plate 
resistance and amplification factor that are even greater than those of 
tetrodes. It can be seen from Fig. 3-12 that the plate resistance of the 
suppressor pentode can be varied by means of negative suppressor 
voltage. 

In some pentodes the suppressor is permanently connected to the 
cathode internally; in others, on the other hand, all three grids may have 

1 Kbliy, R. L., and Miller, J. F., Electronics, September, 1938, p. 26. 
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external connections in order that the grids may be used in various ways. 
When the second and third grids are connected to the plate, the tube 
has ordinary triode characteristics. When the first and second grids 
are used together as the control grid and the third is connected to the 
plate, the tube acts as a triode with very high amplification factor and 
low plate current. Other special applications of pentodes will be dis- 


1 METAL ENVELOPE 

2 SPACER SHIELD 

3 INSULATING SPACER 

4 MOUNT SUPPORT 

5 CONTROL GRID 

6 COATED CATHODE 

7 SCREEN 

8 HEATER 

9 SUPPRESSOR 

10 PLATE 

11 BATALUM GETTER 

12 CONICAL STEM SHIELD 

13 HEADER 

14 GLASS SEAL 



15 HEADER INSERT 

16 GLASS-BUTTON STEM SEAL 

17 CYLINDRICAL STEM SHIELD 

18 HEADER SKIRT 

19 LEAD WIRE 

20 CRIMPED LOCK 

21 OCTAL BASE 

22 EXHAUST TUBE 

23 BASE PIN 

24 EXHAUST TIP 

25 ALIGNING KEY 

26 SOLDER 

27 ALIGNING PLUG 


Fh!. U-IUj.-- TypU^al iiujtal volt-agtwunpUfior pcmtode in which the coutrol-grid con- 
ncHhiion in brought out througli the bane. Note tlie conical Htern Hhiold 12. {Courtmy of 
Radio Corporation of America.) 


cuMsed in later chapter's (see end of Sec. 6-1 and Secs. 10-3, 10-4, 10-12, 
10-23, 10-39, 12-6, and 12-33). 

Figures 3-13 and 3-14 show the plate characteristics for two types of 
suppressor pentodes, the 67 and the 2A5 (ace also Figs. A-13 to 15 and A-19, 
pages 677-678). It will become apparent from material to be presented in 
this and later chapters that ideal characteristics for amplifier tubes would 
be straight, parallel, and equidistant for all values of plate voltage. The 
gradual Ixnuling of tlie characteristics at low plate voltages, particularly 
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-Plate characteristics of the type 67 pentode, showng the cflfoct of variation t»f ^ 
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TYPES-6C6,6J7,57 
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400 480 
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Fis. 3-13.—Plate characteristics of a typical voltage pentode. 
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Pig. 3-14.—Plate oharaoteristios of typical power pentode. 
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noticeable in the characteristics of pentodes designed to give large 
power output, such as the type 2A5, causes distortion in amplifiers and 
is, therefore, objectionable. It is the result of nonimiformity of the field 
in the plane of the suppressor grid. Because of the shielding action of 
the grids, the plate voltage has relatively little effect upon the number of 
electrons arriving in the plane of the suppressor grid. As the plate 
voltage is raised, however, more and more electrons arriving at the 
suppressor are drawn to the plate. The comparatively constant satu¬ 
ration^' plate current is obtained when all electrons arriving at the plane 
of the suppressor are drawn to the plate. Because of nonuniformity of 
field in the plane of the suppressor, saturation is attained at different 
plate voltages for various points in this plane, and so the characteristics 
bend over gradually and have broad knees. This difficulty is avoided 
in the beatn power pentode A 

3-11, Beam Pentodes.—In the beam tube the secondary electrons 
are returned to tlie plate by the repulsion of negative space charge 
between the screen and the plate. Tliis space charge is accentuated 
by the retarding field of the plate when the plate potential is lower than 
the screen potential. By 'proper design the space charge may be made 
so dense as to cause the formation of a virtual cathode [ic., a i)lane of 
zero average field and zero electron velocity (see Sec. 2-12)] near the 
plate at low plate voltages. For all values of |)late voltage less than 
the screen voltage a potcnitial minimum is formed which may be kept 
sufficiently lower than the plate potential so that secondary electrons 
from the plate are returned to tlie j)late. The tiction is similar to that 
of a suppressor gild; I)ut, if the density of space cliarge and the electron 
velocuty at tlie virtual catliode arc uniform and the distance of the virtual 
cathode from tlie iilate is ovcrywliere the same, saturation takes 
pla(5C simultancHiiisly at all points in the iilane of the virtual cathode, 
and the kne(', of tlie plate charatd,eristic is sliarp. Tho virtual cathode 
and tlui plat»(^ act in a nianner similar to a diode, the plate current being 
limited liy s|)ac-c‘. (‘.Inirge at low plate voltages. As in a diode, saturation 
at low iilate voltages, f.c., a low-voltage knee, reciuires that the virtual 
cathode shall close to the plate. 

In tlie IxMim powevr tube, of which the 6L6 is a typicaxl example, the 
required electron (hmsity is a(‘liieved by confining tlie eh^ctrons to beams. 
The liomogcneity of s])acc charge and electron velocity is attained by 
proper design of the (contours of the cathode, grids, and plate and by 
correcit (ilioice of the ratio of screen-plate to screen-cathode spacing (2.9) 

SScniADiq 0. IL, Prac. I Ji.bL, 26 , 137 (1938). See also F. Below, Z, Fern- 
meldetecL 9, 113 (1928); U. S, Buenap, RCA Rev., 1, 101 (1936}; J. F. Dueyee, Jk., 
Electron,icH, April, 1936, p, 18; J. 11. O. Hariukh, Electronicii, May, 1936, p. 33; B, 
Salzbero and A. V. ITaepf, RCA Rev., 2, 336 (1038). 
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and beam angle (approximately 60 degrees). The electroriH an* coiifiiitNl 
to beams by means of beam-forming plates, as shown in Fig. 3-15, wliich 
are at cathode potential. The flattened cathode gives a larger* 
area than a round cathode and so results in a higher trans(a>iulu(*'ta.Mve. 

The screen current of beam power 
tubes is much lower ilnin ilia I of 
suppressor pentodes. " Idu* se I’caai 
and control grid liav'e e(|tijil iiitcdi 
and are proportioned and assiaiildi^d 
so that the screen grid is Inihlcui from 
the cathode by the control grid, and 
the individual beam, shindK fornied 
by the control grid are focusial in t ho 
plane of the s(‘.rc(^n. W^y ii*\\\ 
therefore, of the electrons luiA'ing 
toward the plate can st rike 
directly. Furthormort^, l>eraus<i of 
the sharpness of tlic Ixmins and the 
uniform fields, few electrons acquire tangential vehxnty at tlu'. exiHni.st'! 
of velocity normal to the electrode planes. The ninnber of idcndroiiH 
that miss the plate at low plate voltage and I’eturn to tln^ 
is therefore also small. Low screen current results in a luinihin* of 




Fia. 3-15.—Electrode structure of the 
type 6L6 beam power pentode. {Courtesy 
of Radio Corporation of America.) 


advantages, among which are low screen dissipation and coiiscduoiit 
larger power ratmg without danger of electron emission from thi> .screen 
because of high screen temperature, and the possibility of i,si„r hnv- 
power resistors m the voltage divider that supplies the sa-eou voltuKe 
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Figure 3-16 shows the plate characteristics of the 6L6. These char¬ 
acteristics are straight and parallel over a much greater range of plate 
voltage than those of suppressor pentodes, and the knees are sharper. 
The peculiar shape of the knees of the curves for positive control-grid 
voltages is the result of two possible distributions of space charge at the 
same value of plate voltage. ^ As the plate voltage is gradually increased 
from a low value, the plate current increases continually until the point a 
is reached, at which it jumps abruptly to the higher value corresponding 
to this voltage. When the plate voltage is then gradually reduced, the 
current decreases continuously until the point b is reached, at which it 
falls abruptly to the lower value corresponding to this plate voltage. The 
abrupt changes in current are accompanied by changes in space-charge 
distribution. 


3-12. Equations for Plate Current of Multigrid Tubes.— Plate- 
current equations similar to B](|s. (3-1) and (3-2) may be written for 
tetrodes and pentodes. In most circuits, however, only the control- 
grid and plate voltages are varied, and Ecps. (3-1) and (3-2) may be 
applied. 

Determination of Tetrode and Pentode Factors from Characteristics. 


The plate characteristics of tetrodes and pentodes are not ordinarily 


shown for sufficiently small incre¬ 
ments of control-grid voltage to 
make possible the dii'cct determina¬ 
tion of from the |)late charac- -p 
teristics. PurtlKumore, tlie platen 
resistance of voltage-amplifier ^ 
tetrodes and pentodes, such as the 
24A (Fig. 3-<]) and the 6J7 (Fig, 



3-13), is so high that the plate . GrMphUuil dotorruiriatioft of 

characteristics are nearlyhorisiotltia of pentodes. . 


throughout the workiug range of voltages and the plate resistance can be 
determined only approximately from the tangent to the plate characteris¬ 
tic at the point corresponding to the given voltages. The plate resistanee 
of power suppressor pentodes such as the 2A5 (Fig. 3-14), however, and of 
beam pentodes such as the 6L6 (Fig. 3-16) is sufficiently low so that it 
can be determined with fair accuracy from the tangent to the plate 
characteristic. 


An approximate value of gm can be found from increments of plate 
current and grid voltage at constant plate voltage, as determined from 
the plate cliaracteristics. Siuc-Of^TO is not constant, a( 3 curacj in the values 
Om found by tliis method is dependent upon the use O'f very small 
increments. Accuracy also makes it desirable to use an increment of 

^ Salzbero and Hauff, loc, cU, 
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grid voltage such that the point at which is desired lies at the center 
of the increment, as shown in Fig. 3-17. If the grid voltage intervals 
corresponding to the available plate characteristics are large, it may be 
advisable to construct the static transfer characteristic corresponding 
to the given plate voltage and to find accurately from the slope of this 
characteristic at the given plate voltage. Equation (3-22) may be used 
to find an approximate value of jx from in conjunction with the approxi¬ 
mate value of Vp determined from the plate characteristic. 

3-13. Duplex Tubes and Tubes with More than Three Grids.— 
The behavior of the individual units of duplex tubes is no dil'ferent 
than when these units are enclosed in separate envelopes. For this 
reason duplex tubes require no further discussion. Special tubes having 
more than three grids will be treated in later chapters in connection 
with their applications (see Secs. 6-18, 6-19, 9-12/1, and 9-22), 

3-14. AppUed Voltages in Grid and Plate Circuits,—In most applica¬ 
tions of vacuum tubes, one or more alternating voltages are api)lied to 
.<■_ the control-grid and plate circuits, in 

J r~ f addition to the steady voltages, as 

**0 —^ ^ iRn shown in Fig. 3-18. The steady ap- 

fvnV j plied voltages Eh^ and Ef/ are 

! Ti “"p called the grid supply voltage or 

®c i C-supply voltage^ the p)late supply 

Vgo—, j voltage or B-supply voltage^ and the 

t MUIH filament or heater supply voltage, re- 

Fio. 348.—Triodo grid and plato i i i 

circuits, showing supply voltages, spectively. Vg and Vp, tlu! applied 

impressed alternating voltages, and alternating voltages in tlie grid and 

electrode voltages. t j. • n i • > 

plate circuits, are called the grid 
excitation voltage and 'plate excitation voltage, respectively. Because of 
impedance drops resulting from the flow of electrode currents or other 
circuit currents, the electrode voltages in general differ from the voltages 
impressed upon the electrode circuits. This will be discus.sed in detail 
in Secs. 3-17 and 4-1. 

All electrode voltages are measured with respect to the cathode, and 
an electrode voltage is said to be positive if the electrode i.s i)o.sitive 
relative to the cathode. Similarly, supply voltagcss, in.stautancous 
values of exciting voltages, and instantaneous values of voltages across 
load impedances are ordinarily measured relative to the cathode side of 
these voltages and are called positive if they tend to make the electrode 
positive. 

3-16. Form of Alternating Plate-current Wave. —Figure 3-19 shows 
the manner in which a .sinusoidal grid voltage causes tlie i)late current 
to vary when the load is nonreactive. The wave of plate current is con¬ 
structed by projecting from the wave of grid voltage to the transfer char- 
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acteristic at various instants throughout the cycle. The significance 
of the time axis of the wave of varying plate current and of the cur¬ 
rent Ibt corresponding to this axis should be noted. lu is the current 
assumed at the instants in the cycle when the alternating grid voltage is 
zero. The reason why lu differs from the steady current Ibo, assumed 
when the excitation is zero, will be explained in detail in Chap. 4 (Secs. 
4-8 to 4-10). 

Curvature of the transfer characteristic in general causes the wave of 
varying plate current to be asymmetrical even though the exciting voltage 
is sinusoidal. It will be proved in later sections that the wave of alter¬ 
nating plate current, measured relative to the time axis, in general con¬ 
tains not only a fundamental component of the same frequency as the 
grid excitation voltage, but also harmonics of that frequency, and a steady 
component. When the load is nonreactive, the wave of plate voltage is 
of the same form as tlie wave of plate current. 

Usually it is most convenient to measure the instantaneo\is value of 
the alternating component of plate or grid current or voltage relative to 
the time axis of the wave. Occasionally, however, it is necessary to 
measure the instantaneous value with respect to the average value. An 
instantaneous value measured relative to the axis differs from the value 
measilred relative to the average in that the former contains the steady 
component of the alternating current or voltage, whereas tlie latter does 
not. Unless otherwise specificall}^ stated, tlie terms alternating plate 
CAirrent and altxTnnlvng grid current, and the corresponding terms for 
voltages, will be understood to refcvr to values measured relative to the 
time axes. 

In some applications of vacuum tubes the curvature of the charac¬ 
teristic or tlie amfilitude of the alternating plate ciu’rent, or both, are 
small enougli so that the alternating plate current is essentially sinusoidal, 
as shown in Fig. 3-20, The difficulty in making a rigorous analysis 
sometimes necessitates the assumption that the alternating plate current 
is sinusoidal, even though it is known to be distorted. 

Most cir(*.uit elements dealt with in the power field of electrical 
engiiKHuing are liiHuir elements, i.e., elements in which the currents flow¬ 
ing through tlie elements are proportional to the voltages across the 
elements. The currents that flow as tlie result of simultaneous applica¬ 
tion of direct and alternating voltages or of two or more alternating 
voltagc^s of dilT(u*(m,t frecpiencies are entirely independent. Hence, when 
several voltages are aiiplied simultaneously, the net result may be deter¬ 
mined liy niakiiig relatively simiilo analyses involving only direct currents 
or alternating currents of only one frecpicncy at a time and superimposing 
the individual results. Comiiarativcly few symbols suffice in dealing 
witti sucli circuits. Vacuum tubes, on the other hand, are nonlinear 
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circuit elements. The direct currents that flow in a circuit containing a 
nonlinear element depend not only upon the impressed direct voltages l)ut 
also upon the impressed alternating voltages. Similarly, the alternating 
currents depend upon both the alternating and the direct impressed 
voltages. Furthermore, in addition to currents having the same fre¬ 
quencies as the impressed voltages, alternating currents will in general 
flow whose frequencies differ from those of the impressed alternating 
voltages. It is apparent that the analysis of vacuum-tul)e circuits may 
be considerably more complicated than that of power circuits containing 
only linear circuit elements. 



Pig. 3-19. Plate-current relations for asymmetrical wave of jjliile <*urri'nf. 


3-16. Symbols. —Because it is often necessary to cansider simul¬ 
taneously the various direct and alternating voltages and cumuifs in 
vacuum-tube circuits, a large number of symbols must be ustal. 'Huh ia 
unfortunate but usually unavoidable. The symbols used in this liook 
are based upon those standardized by the Institute of lladio hlngineers. 

The student will find it helpful to learn the following rules, according 
to which these symbols are formed: 

1. The subscripts „ and „ refer to the grids or to the grid circuits, and the 
subscripts i and p to the plate or to the plate circuit. 

2. Lower-case letters indicate instantaneous values of varying <inautiti<!s, 
and capital letters indicate steady (direct) values and average, r-in-H, aial crest 
values of varying quantities (see Figs. 3-19 and 3-20). 
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3. Lower-case letters with subscripts c and b indicate total instantaneous values 
of varying quantities (see Figs. 3-19 and 3-20). 

4. Lower-case letters with subscripts ^ and indicate instantaneous values of 
the alternating components of varying quantities. If the wave form of the varying 
quantity is asymmetrical, second subscripts a and « are added to differentiate 
between an instantaneous value measured relative to the average value and an 
instantaneous value measured relative to the value corresponding to the axis 
of the wave (see Fig. 3-19). 

5. Capital letters with subscripts c and indicate direct or average values. 
Second subscripts o, a, and t are added to differentiate between quiescent, average, 
and time-axis values of an asymmetrical wave of total varying plate current or 
voltage (see Fig. 3-19). 


Jnsfornfaneous r^ms a-c value 


Cresf a-c 
value 



Time axis of 
a-c ivave 


Ibo==lbt'; ^ba . ''b 

Quiescent r/me-ax/s, Insfanfoneous 
and overage values total value 


" Time 

Fro. 3-2().”- Plattvcvirrent relationn for wiiiuHoidal wave of f)laie current. 


6. Capital letters with subscripts „ and ,, indicate r-ni-a or crest values of 
alternating quantities. Crest values of sinusoidal alternating quantities are 
distinguished from r-m-s values by the addition of the second subscript » (see 
Fig. 3-20). 

In tetrodes and pentodes and in tubes having more than, three grid.g, 
it is necessary to distinguish between the voltages and between the 
currents of the various grids. This is done by means of the addition of a 
number in the sulMcript to indicate the number of the grid. Thus Coi, 
C. 2 , e,.8, etc., indicate the instantaneous total voltages of the first, second, 
and third, etc., grids, grid 1 being nearest the cathode. Usually the 
first grid serves as the control electrode, and indicates the control-grid 
voltage. In many analyses it is necessary to speak only of the control- 
grid voltage. It is then convenient to omit the number in the subscript, 
even though the tube contains more than one grid. In the work that 
follows, therefore, it will be understood that, when no number appears 
in the subscript, reference is to the control grid and that the term grid 
refers to the control grid. 
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The symbols are as follows: 

Control-grid supply voltage. Ecd or Ect 

Screen-grid supply voltage. Eec.2 

Plate supply voltage. ... Em, 

Filament or heater supply voltage. Eff 

Instantaneous value of grid excitation voltage. a,. 

Instantaneous value of plate excitation voltage. Vp 

Instantaneous total grid voltage. c,. 

Instantaneous total plate voltage. vu 

Instantaneous total grid current. /<. 

Instantaneous total plate current.. ih 

Quiescent (zero excitation) value of grid voltage. /sV.. 

Quiescent (zero excitation) value of plate voltage. Eho 

Quiescent (zero excitation) value of grid current. 

Quiescent (zero excitation) value of plate current. Im, 

Voltage corresponding to time axis of wave of varying plate voltages. Eht 

Current corresponding to time axis of wave of varying plate current. lu 

Average value of grid voltage (grid bias). IL (or Ec»)' 

Average value of plate voltage. Eua 

Average value of grid current. /,.« 

Average value of plate current... /?,« 

Instantaneous value of alternating component of grid voltage. Cy 

Instantaneous value of alternating component of plate voltage, nusasured 

relative to the time axis of the wave of alternating plat(j voltage. 

Instantaneous value of alternating component of plate voltage, measured 

relative to average plate voltage... 

Instantaneous value of alternating component of grid current. iy 


Instantaneous value of alternating component of plate current, nu^asured 
relative to the time axis of the wave of alternating plate current (stui 

Fig. 3-19).. 

Instantaneous value of alternating component of plate current, nu^aHured 


relative to average plate current (see Fig. 3-19). 

Effective value of alternating component of grid voltage. Ey 

Effective value of alternating component of plate voltage. Ep 

Effective value of alternating component of grid current... ly 

Effective value of alternating component of plate current.. Ip 

Crest value of sinusoidal alternating component of grid voliagt^ (grid 

swing). 

Crest value of sinusoidal alternating component of plat(^ voltag(‘.. Ep,,, 

Crest value of sinusoidal alternating component of grid currmit. 

Crest value of simisoidal alternating component of platiC cunxnit........ Ip,,, 


Impedance of the grid circuit at angular frecpiency w. 

Impedance of the plate circuit (load impedance) at angvdar 
frequency oi . 

f (//.). 

Admittance of the grid load at angular frequency w.. . < 

[or l/r - ^ = ge - Jth 


f * (/viw 

lor Z,’ = /V + jZe 

f (a)« “ (p;)« 

(or » r/, +J.Vf, 

1 

’ ~ 

1 
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Admittance of the plate load at angular frequency w. 


(y/3)co 


1 


{Zh)oi 
1 

or Vh s ^ gu 
Zb 


= (<?/*)W ~ 

jhb 


D-c resistance of the grid load. Rc. 

D-c resistance of the plate load. Ri, 

Effective value of the alternating voltage drop in the plate circuit im¬ 
pedance. E^b 

3-17. Current and Voltage Relations in the Grid and Plate Circuits.- 

Tlie following relations are apparent from Fig. 3-18 and from Fig. 3-19 
and the similar wave of plate voltage: 

ih = Iht + h> = + ipa (3-24) 

= Rjht H” Gp ~ "h (^'pa (3-25) 

dip 


e.p ~ Vp — (^Jb + nip Q J h> 


(3-26) 

(3-27) 


in which Lbj n, and Cb are the equivalent series inductance, resistance, 
and capacitance of the plate load. For the special case in which the 
wave of alternating plate current is symmetrical, as illustrated by the 
sinusoidal current wave of Fig. 3-20, //,« and Ibi, are identical with Ibo, and 
JSha and Eht are identical with Ebo- ip and are then also identical, as 
are ep and Cpa- For a symmetrical wave, therefore, Eqs. (3-24),. (3-25), 
and (3-26) reduce to the following: 


ib = Ibo + ip 
Cf, — Ebo + ('p 

El.. = Ebb - hJib 


(3-28) 

(3-29) 

(3-30) 


Fcination (3-30) also holds wlum the excitation voltage is zero. When 
the plat(i (Current is sinusoidal, Eep (3-27) may be written more con¬ 
veniently in terms of effective values, as follows: 


Erp - P y, ipZb 


(3-31) 


In many (iirtuiits the plate excitation voltage Vp is zero, and fiep (3-31) 
reduces to 

Ep - (3-32) 

Flic following ecpiations are apparent from Fig. 3-18 and from a 
diagram luialogous to that of Fig. 3-19: 


Co 


Hh ip ~ dca “H ^ga 

(3-33) 

t *4" C,/ = Hh ^ija 

(3-34) 

a IcaEc 

(3-35) 

~ (T„ / 

(3-3()) 
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in which Lc, Tc, and Cc are the equivalent series inductairco, rcsi8taiic<“, 
and capacitance of the grid load. In many vacuum-tube circuits, cur¬ 
rents other than grid current flow through impedances contained in t he 
grid circuit (see Sec. 4-1). The expression for e„ given by Kq. (3-36) 
must then be replaced by one including the alternating voltages result ing 
from the flow of these additional currents. 

In many vacuum-tube circuits the control grid is maintaiiusl sufli- 
ciently negative so that grid current does not flow. Unless sonu^ other 
direct current flows through a resistance contained in the grid circuit, 
Eq. (3-35) then simplifies to 

Eo(or Eca) = (3-37) 

and, unless some other alternating current flows through an imixulaiic** 
contained in the grid circuit, Eq. (3-36) becomes 


~ {3-3K) 

which may also be written in terms of effective values as follows: 


K = V, 


{3-3!>) 


The method of evaluating E„ when E„ results wholly or in part, from the 
flow of ahernating currents through impedances contained in the grid 
circuit, will be explained in detail in Sec. 4-1. 

3-18. Static and Dynamic Operating Points.—The steady values 
of electrode voltages and currents assumed when the excitation' vttltages 
are zero are called the quiescent or static operating voltages ami currents. 
The point on the static characteristics corresponding to givcm static 
operating voltages and currents is termed the static operatmg point (t»r 
quiescent point). The static operating point will be indicated on the 
characteristic curves by the letter 0 and will sometimes la; referred fti 
as the 0-point. The average values of electrode voltages and currents 
assumed with excitation are called the dynamic operating voltages and 
currents. The corresponding point on the plate characterist ics is lerniwl 
the dynamic operating point and will be indicated l)y the hdt tn* /} . Idn* 
dynamic and static operating points coincide when the wave of plate 
current is symmetrical. Static and dynamic operating points will 
discussed m detail in Secs. 4-7 to 4-13. 

The amplitude of the alternating control-grid voltage is called 
the grid swing ^ The direct component of control-grid voltage E, is 
called the grid bias or C bias. Because the symbol E,. has long been u.scd 
to represent the grid bias, this symbol, rather than the alternative A'., 
will be used throughout the remainder of this book. Gri<l bias may 
obtained by gsg of a battery or other source of fixed voltage, i.r it 
may be produced by the flow of cathode current through a resist ance, as 
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in Figs. 5-7 and 6-8. The former is called fixed bias, the latter self-Uas. 
The term bias is also sometimes applied to the direct component of 
voltage of electrodes other than the control grid. 

3-19. Generation of Harmonics.—If a sine wave of excitation voltage 
is applied to an electrode of a vacuum tube, it is found that the plate 
current in general contains not only an alternating component of the 
same frequency as that of the applied voltage but also components whose 
frequencies are equal to harmonics of the impressed frequency. ^ Usually 
there is also a change in average plate current. If two or more sinusoidal 
voltages are impressed simultaneously the wave form of the alternating 
plate current is even more complicated, the current containing the applied 



Flu. 3-21.—Gonoration of KooQud-haniioiuc, and Nt.cady compoiumfs of plato curroat by a 
tube with tt parabolic traiiMfor charaotorii^tic, 

frequencies and their harmonievs and also frequencies equal to the sums 
and differences of the applied frequencies and their integral multiples.^ 
The generation of new fre(|uencics by a vacuum tube is associated 
with the fact that it is not a linear circuit element, i.e., that the charac¬ 
teristic curves arc not linear. The appearance of plate-current com¬ 
ponents of freciuencies different from the impressed frequency as the 
result of curvature of the transfer characteristic can be readily demon- 
stratcid graph ically. The transfer characteristic of Fig. 3-21 is parabolic, 
and the exciting voltage sinusoidal, as indicated by the curve of e„. ^ The 
wave of ip is constructed by finding from the transfer characteristic the 
values of instantaneous plate current corresponding to instantaneous 
grid voltages at various instants of the cycle. Ihe dotted curves show 
1 It is evident, tlierefore, that it is not in general possible to apply to the vacuum 
tube the superposition theorem, which states that the current that flows through a 
linear circuit element as the result of a number of simultaneously impressed voltages 
of different frequencies is equal to the sum of the currents that would flow jf the 
various voltage components were applied individually. 
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the fundamental, steady, and second-harmonic components into which 
the alternating plate current ip may be resolved. 

3-20. Series Expansion for Alternating Plate Current. —Theoretically^ 
it should be possible to predict from Eq. (3-2) and corresponding tetrode 
and pentode equations the form of the alternating plate current cor¬ 
responding to an exciting voltage of known wave form. Practically, 
however, F(eh + iJiCc + e) is so complicated in form that Eq. (3-2) is of 
little or no value for this purpose. The behavior of a nonlinear circuit 
element can in general be analyzed mathematically most readily by 
expressing the alternating current in the form of an infinite power series. 
For a two-terminal element, in which the current depends upon only one 
voltage, the series involves only the impressed voltage, the element 
impedance and its derivatives at the operating point, and the circuit 
impedance. It may be derived by the application of Taylor’s expansion 
for a function of one variable to the functional equation of current. 
Because the plate current of a vacuum tube depends upon all the ehictrode 
voltages, a complete series expansion applicable to a tube with, three or 
more electrodes must involve all electrode voltages, as well as various 
tube factors and their derivatives at the operating point. ^ Tlie general 
series expansion for tetrodes and pentodes is complicated, therefore, 
particularly if control-grid current is assumed to flow and the control- 
grid circuit contains an impedance. When all electrode voltages except 
those of the control grid and the plate are constant, however, as is 
usually true, the action of multigrid tubes is similar to that of triodes, and 
the general form of the series reduces to that for a triode. Tlic triodo 
expansion may consequently be applied to any tube in which only the 
plate and control-grid voltages vary. Furthermore, most |)robl(^ms in 
which the series expansion is of value can be adequately treated by the 
use of the form derived under the assumption that control-grid current 
does not flow. A further simplification results from the assumption tliat 
ju is constant, which is approximately true in many tubes. For the gen¬ 
eral forms of the series expansion for plate current of multigrid tul)es, and 
for the similar expansions for currents to other electrodes, the studemt 
should refer to the work of Llewellyn- and others.*^ 

3-21. Series Expansion. Residance Load. —The series expansion 
for the plate current of a triode with negative grid voltage, constant 
amplification factor, and nonreactive load has the following form: 

ip = aiC + a^o" 4" q. . . . (3-40) 

1 Caeson, J. R., Proc. IJUL, 7, 187 (1919). 

2 Llewellyn, F. B., Bell System Tech. J., 6, 433 (1926). 

® Bkainekd, J. G., Proc. PILE., 17, 1006 (1929); Cai>oeale, Proc. I.R.E., 
18, 1593 (1930); Boner, M. 0., Phys. Rev., 39, 863 (1932); Bennett, W. R., Bell 
System Tech. 12, 228 (1933); Espley, D. C., Proc. LR.E., 22, 781, (1934); Barrow, 
VV. L., Proc. LR.E., 22, 964 (1934) Babtlett, A. C., Wireless Eng., 12, 70 (1935), 
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ai 


Tp + n 


aa = 


fj/^T p Bf* p 


2{rp + TbY dcb 


a$ 


l-i'^rp 


6(rp + Tb)'^ 


(2rp t'b) 


\da,J 


+ rO --- , 


and 


. = + 

At 


(3-41) 


(3-42) 


For common lugli-vacuum triodes, Eq. (3-40) converges rapidly 
enough so that the reciuired accuracy is usually obtained with only a 
few terms of the series if the current amplitude is not too great. BtpIB% 
may be evaluated by plotting a curve of r<p Vb determined from the 
static*- plate characteristic corresponding to the given operating grid bias. 
BTplbi\ is the slope of this fp-c?, curve at the point corresponding to the 
operating plate voltage. Other higher-order derivatives may be evalu¬ 
ated in a similar manner from curves of derivatives of the next lower 
order, but the accuracy rapidly decreases with increase of order of the 
derivative. The value of tlie series expansion lies not so much in the 
direct solution of numerical i)r()blems, as in the general analysis of 
the operation of vacuum tubes. In later cihapters tlie series expansion will 
he applied to the analysis of tlie opei*ation of vacuum tubes as amplifiers, 
detectors, modulators, and Ovscillatoi's. 

3-22. Derivation of Series Expansion. ^—^Equations (3-40) and 
(3-41) are derived l>y applying Taylor^s theorem for two variables to 
Eq. (3-2). This gives the following equation for alternating plate 
cui'rent: 


m 


= n V^. ‘‘V + 21 [j?,. + 5;^, 'V + 

I / di„ , , d i,. Y j_ 

which a term of the form ( — ^ Cp j is a convenient symbolical 


(3-43) 


representation of the terms" 

1 The following outline of the derivation of (3-40) and (3-41) ia included in 
order to explain the general method and justify the mo of tlu^se (Kiuationa tliroughout 
tlie remainder of the book. The studemt will not l)c seriously handicapped by 
omitting Sec. 3-22. 

KIsgooi), W. F,, “Advanced <’a,l(uiliis,'' p. 172, The Maeinillan (kirnpany, New 
York, 1925. 
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dSb 


+ 


n dHi 


% + 


n(ri — 1 ) 


Wbet-^de^'"^ ” 

n(n — l)(n 


2! 


+ 


2 ) 


3! 


dec"~'^det,^ 
dH b 




J{ 


+ 


(3-44) 


and all derivatives are evaluated at the static operating point. 

Although the amplification factor varies with operating voltages, tor 
many purposes sufficient accuracy is obtained by iissuniing it to Ih% 
constant. Under this assumption a term of the form d'H),/dcF'~''‘S<'h’“ 
bHh * 

becomes g’*"” and Eq. (3-43) reduces to 


= Cg j_ „e 4- fa ^ 4 . 

Ip - tej, lie,) 2! dei^ ^ 


But, at the operating point, 


3!.. 5c,,' 


+ 


Therefore, 


dij 

beh 

beb^ 

bH. 

9eb® 


1 


■'0 • p 

= A/i\ = _ 

deb \TpJ Tp^ bei 

^ = A [o ^_ r At*'! 

b® rp« [ \5e6/ ^ acb^J 


(3-45) 


(3-4(5) 


ij) 


•~f~ /x6g _ (gp j 

llrp 2!rp^ bet' 

(cp -h tj£„y r /arpV _ „ 

3!V L VW 


+ . .. 


(3-47) 


The plate resistance and its derivatives in Eq. (3-47) are evaluat (»«i 
at the operating point. 

Vacuum tubes are usually used with some form of load impedimcMi 
in the plate circuit. It is convenient to consider first the relatively 
simple case in which the load is a resistance. For resistance loaci^ 
Eq. (3-27) is 

Cp ^ Vp ipTh ^ 3 - 48 ) 

and 

Bp -t- lie, = rp -f tie, - i^n = /, 4 . _ i^^rb ( 3 - 49 ) 

or 

Bp - 1 - lie, = iiB — ipTb (3-50) 

* This may be shown by applying dHjSe^-^deb’^ and dHb/ae.b’' to Eq. (3-2). 
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Substitutiag Eq. (3-50) in Eq. (3-47) gives 




!!?■« 


2!rj,2 dc(, 

(^e — 

3 


+ 


^-KtT-43]+'" 


Equation (3-51) cannot be conveniently used, because ip appears in an 
involved manner on the right side of the equation. An explicit expression 
for ip may be obtained by assuming that ip is of the form of Eq. (3“40) 

ip = aiB + q- . . . (3-40) 


The coefficients of Ecp (3-40) may be evaluated by substituting (3-40) 
in (3-51), giving 



(3-52) 


Equation (3-52) is an identity, which must hold for all values of e. 
This can be true only if for every value of n tlie summation of terms 
in on the left side of the identity is ccpial to tlie summation of terms 
of on the right side. Terms in e on the right side arise only from the 
first term of Eq. (3-52). Therefore, 


Terms in arise from the first two terms of the riglit side of Eq. (3-50). 


ddierefore, 




Tp d('h 


(3-54) 


By the solution of E(|s. (3-53) and (3-54) and a similar equation in the 
first three coefficients of Kq. (3-40) may 1)0 shown to have the values 
given by E(|s. (3-41). 

3-23. Harmonic Generation and Intermodulation.—Before proceed¬ 
ing to a discussion of the more general problem of a tube with impedance 
load it is necessary to show tliat the presence of the second- and higher- 
order terms of the scries is associated with the production of components 
of alternating plate current of fre(iuencies other than those which are 
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contained in the applied signal. Consider, for instance, tlie simph^ case 
in which the excitation voltage has only a single frequency. Then 

e = Em sin o)t 

== sin^ c^t - iEJ - i-Em^ cos 2o^t (3~55) 

sin cot — iEm^ sin Sot 


and as, as given by Eqs. (3-41), reduce to At 
respectively. Similarly, any coefficient a-n reduces to ■ 


Thus the second-order term of the series gives rise to a stc^ady (iomponc^nt 
and to a second-harmonic component in the alternating plate (un-nMit. 
The third-order term gives rise to a fundamental and a third-luirmonict 
component of alternating plate current. The production of hannoni(‘s 
in the plate current has been shown graphically in Fig. 3-21 for tln^ simple 
case in which the static characteristics are assumed to obc^y a paralxjlic 
law, % = A{eh + Aiec)^, and Zh is assumed to be zero. If vt, is zero, ai, 

dih /x“ dHb . 
dcil 2 ! 31 Be/ 

BHh ePu 

nl dei/' 

and higher-order derivatives of plate current with respend, to plat-e 
voltage are zero when the static characteristics obey a parabolic law, 
the plate-current series contains only the first- and second-order t(‘rnis. 
Consequently the alternating plate current should consist of fun¬ 
damental, steady, and second-harmonic components when the (^xtdta*- 
tion is sinusoidal. This is in agreement with Fig. 3-21. 

If the excitation voltage contains more than one freciueiKiy, th(^ plate 
current contains not only the impressed frequencies and their Imrinonics, 
but also frequencies equal to the sums and differences of the, imprc'sw'd 
frequencies and their integral multiples, as may be shown by (*x]>anding 


(El sin wii! + Ei sin U 2 t -f E 3 sin cost + • ■ • )“. 

These are called intermodulation frequencies. Interniodulation is (hdined 
as the production, in a nonlinear circuit element, of frequenedes (Mpial to 
the sums and differences of integral (1, 2, 3, etc.) multiple.s of two or 
more frequencies which are transmitted to that element. It .should b(i 
noted that the harmonic and intermodulation frequencies contiiiiuul in 
the output are not present in the impressed excitation but are g(nHira,te<l 
by the nonlinear circuit element. It is also important to not(; that the 
fact that the intermodulation frequencies are equal to tlie sums and 
differences of multiples of the impressed frequencies does not imply that 
these sum and difference frequencies are the result of interaction of 1,h(i 
generated harmonies. The sum and difference frequencies and the har¬ 
monies are generated simultaneously by the nonlinear element. It will he 
shown in later chapters that intermodulation in vacuum-tube circuits is 
sometimes desirable and sometimes objectionable. 
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The production of intermodulation frequencies can be demonstrated 
in a striking manner by a simple laboratory experiment. The voltages 
from two audio-frequency oscillators are filtered to remove harmonics 
and are applied in series to the grid circuit of a vacuum tube. The 
voltage develoi)ed across a plate load resistance (preferably considerably 
smaller than the plate resistance) is applied to the input of a low-pass 
filter (0 to 3000 cps, for instance), the output of which goes to headphones 
or, through an anq)lifier, to a loud-speaker. The oscillator frequencies 
are made high enough so that the fundamental components of the output 
voltage cannot pass through the filter. Various combinations of oscilla¬ 
tor frequencies (;an be found at which one or more fre(;[uencies are heaj'd 
in the phones, the pitcJi of which varies with the tuning of either oscilla¬ 
tor. The frequencies are always found to be equal to the difference 
between one oscillator frequency or one of its multiples and the other 
oscillator fixuiuency or one of its multiples. Since the application of 
oscillator harmonics to the grid is prevented by filtering tlie oscillator 
voltages, tlie frc{[uencic^s tliat are heard in the output are generated by 
the tube. A similar experiment, performed with a high-pass filter in 
the output, demonstrates the production of intermodulation frequencies 
equal to the sums of the oscillator frequeiuaes and their multiples. 

3-24. Series Expansion. Load and Variahle Amplification 

Factor ,—Tlie derivation of the series exiiansion for the more general case 
of impedance load, although similar in form to that for resistance load, is 
considerably more (u)mplic.at(Ml. Sinc,e the coeffi(uents of the series 
involve the load iinpedtince, which depemds upon tlie freciuency, there 
must be a coefficient a., for- eacti fretpiency arising from the expansion of 

= {Eh sin co/d + Ek sin ond -f- * • * )'"? instead of a single coefficient 
a,,, as with rc^sistance load, lliis fa(‘.t ma.y be indicated l)y writing Eq. 
(3-40) in tlie form 


= Saic +- + . . . (3-56) 


Nxi (excellent dev(ioi)m(^nt of iiie series (vx})ansion for tlie general case of 
im|iedan(‘.e load and varialih^. amplification factor has been given by 
Idewellyn, who lias derived tlu^ first two (uiefficients. ^ These are 


{a2) - 

'‘to'’’'" 


+ lZb)h 


(Zb)h(Zb)k\ + 

2[rp +* (25)a][ r^, + {^i!)h]b’p *+■ {Zh)h--k\ 




dVp 

(iei. 


(3-57) 


^ Llewbelyn, loc . ciL 
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in which 

(zh)h = n + j{xh)h (h)k = n 

(Zb)h--k = Ti + j{Xh)h^/.‘ 

and Tp and /x and their derivatives are evaluated ai. the oix^ratiiig 
The subscript h in the symbol {xi^h indicates that t.he n^aetarua* ol flia 
load is to be evaluated at the frequency 2 irh, Tlu^ (‘{X'fiicacait is 

similar to ia 2 )h-^k except that {zb)k and {zh)h--‘k are rephiecHt by (rija and 
izh)h-hh respectively. The coefficients for tlic secuHiibluirnioiuct iiiid 
steady components may be written in the forms (n 2 )i.pi, 

{a^k-^h found from the formulas for {a>^h.\.k and (ag)^. i l>y 

replacing khj h wherever it appears in these formulas. 

Because the plate current contains components having different 
frequencies, the series expansion cannot be Btat(Hl in tcuuns of tdlcadive 
values of currents and voltages. Since an imaginary (toin|)oneni of 
instantaneous current has no apparent meaning, some qnc^stion itrisr»rt 
as to the significance of the use of complex coefficicmts in (‘onjiinctiiai 
with instantaneous values of voltage. No difficulty arisc*H, h<iwcvcu% if 
the coefficients are considered as a form of shbrtliand noiatioin Hio 
magnitude of each coefficient can be used to determine tlu^ aiii|>litudc* of 
the particular component of plate current, and the angk^ <tan lu} useni to 
determine the phase angle of that component of curnmt. ( 'onHitiiu*, for 
instance, the simple case in which e is of the form E sin uL Tin* firrtt 
coefficient ai is ^/[rp + n + and the first tcu’m in ld(|. (•bnti) k 

+ n + j{xb)<,]j which should be interpreted as a (tonvumitmt short¬ 
hand method of expressing the instantaneous value of the funiiaiiieiitiil 
component of plate current, 

. r . 

V(^P + rfe)2 + (Xb)j [ 

The second term of the series consists of a steady e()mi>oin*nt ainl a 
second-harmonic component. The latter is of the complex form 

h 

which should be interpreted as sin { 2coi’ - tan“> ™V If tlic 

\ (' J 

exciting voltage contains two frequencies //i and w1u)h(^ vuhu's jin;, l)y 
way of example, 60 and 1000 cps, respectively, tlic exciting; vnlfugc is «f 
the form sin 12(hri! + sin (20007r< + 0). The first term of I'hi. 
(3-56) then becomes^ l^eh/irj, + + fjiek/[rp + (zi,)2im>r], whidi 

iThe symbols and (aiiiiaor indicate that the impedance and the rcactancM 

of the load are to be evaluated at the frequency 120 cps. 


“i J-'"'')" ' 
I'p + n 
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should be interpreted as 
ixEk 


d" Th)'^ + (X6)l207r^ 


dn 


sin 1207r^ — tan' 


j., i^h) 1 


r,, + n 


+ 


liEk 


■\/(?’l. + + (Xi) 2O0O7r" 


:i Sin 


20007r^ d” 0 — tan ^ 


(^6)2Q0 Qt 
Vp d“ Th^ 


The second term of the series gives rise to a steady conaponent, a 120- 
cycle component, a 2()()()-cycle component, a 1060-cycle component, and a 
940-cycle component. The amplitude of the latter component can be 
determined, for example, by multiplying the product EhEj, by the magni¬ 
tude of the coefficient (a 2 )<) 40 , which is found by substituting {zh)2m)7rj 
( 26 )i 20 t, and {Zh)isu)T in Eq, (3-59).^ The amplitudes of the other com¬ 
ponents can be found in a similar manner. 

When only the first term of the series expansion is taken into con¬ 
sideration, i.e., when the tube is assumed to be a linear circuit element, 
the plate current contains only the impressed frequencies and Eq. (3-56) 
reduces to 


rp +Zb 


(3-58) 


for cacli frequency contained in the excitation voltage e. Effective 
values of (uirrcnt and voltage may then be used and ICq. (3-58) written 
in the form 


UiE ^ - f Vp 
r-i, + Zb Tp + Zb 


(3-59) 


No step in tlio derivation of E(|s. (3-40) and (3-41) restricts these 
e(iuati()ns to alternating exciting voltage. They apply equally well when 
c is a small change of applied grid or plate voltage. E(|uationa (3-66) 
and (3-57), on the other hand, involve impedances that are evaluated 
at specific freciuencies. They cannot, therefore, be used when e is not a 
periodic, fumstion of time. The sudden application of grid or plate 
excitation or of direct voltages will in general result in the production of 
transient components of plate current when the grid or plate circuits 
contain reactance. The theory of the transient behavior of tube circuits 
is beyond the scope of this book.® 

3-26. Relation of Series Coefl5.cients to Dynamic Tube Characteris¬ 
tics.—A study of Eqs. (3-41) and (3-57) shows that the introduction of 
load impedance into the plate circuit reduces the ratios of the coefficients 

1 'Fho amplitude of a plate-currunt component whose frequency is nfb ± mfi is 
ctpial to Eh'^Ek"' multiplied by tlio magnitude of the coefficient 

».IxcKsoN, W., Phil. Mag., 13,143, 735 (1932); ScrmusiNOisa, K., E. N. T., 38,144 
(1931). 
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of the higher-order terms of the series to tlie eoc*flirii*iit. I 

can be shown most readily for the spociul ease n^sislaMee hi»r 

resistance load, Eqs. (3-57) give the following ('*x|HT‘ssiiHi Ibr I lie raliu iil 
the coefficient of the second term to the co(‘l{ieu‘nt> (it f lit* first terrii i*t I lit* 


series: 


ci% 

ai 


dfj, 


{r/ - n/'*) + 


d/x + i'h)~ 


dCc fi 

2 (r,; + T,)- 


pit p 


I f t p 




As n is increased, the ratio is reduced and api)roa{dii*s the limitiiig \ alii**. 

If fx is practically constant, as is t nte tiver i*eii ain raiigrs 

in many tubes, the ratio of a 2 to ai decrease's ra|)iell.\’ and Iweoiin^s m%* 
ligibly small as Vp becomes large. If ju is constant, flic intriNiiniioii intn 
the plate circuit of a load resistance equal to twi(*e the fdati* resislnriri* 
reduces ai to i its value for zero load resistaiKa^ and enj to -jV ds 
for zero load resistance. The ratios of (h and highi*r-ordi»r c.iidricitnits 
to ai decrease even more rapidly with increase of load ntsisiaiiw f han tliiit 
of a% to ay. A similar analysis for the more gtuuu’al vim* of 
load, although not quite so simple, also sliows that in gma»ral fin* aiiijili- 
tudes of the second- and higher-order terms of tla* series are thnnvmml 
relative to the amplitude of the first term by an inenatse of loa«l iitijiediiiifi* 
and, if g were constant, could be reduced to any dc\sirc*ti di*gri*e ! »y iiuikitig 
Zb/fp sufficiently high. 

Equations (3-40) and (3-41) show that for n^sistiiiict* haul Idle d\aiairiie 
transfer characteristic would be a straight line if ilu* wuies eoiilMined oiil^ 
the first term and that the presence ot the higher-ordtu’ terms is aHsoidiif i*d 
with curvature of the dynamic transfer (diaracderisiie. If only the tii’si 
term were present, a change of grid voltage Ac, would ri*HuIt iiui itropoi - 
tional change of plate current Au, mdi(uiting a lin(%nr reint ion helweeii i% 
and ec. The higher-order terms of tlie series tk'siroy this Himnrily, sinre 
contributions to A% from the higher-order ivxim are not prtv|Mirtiomil lo 
Aec. Reduction of the higher-order terms of tlu^ Heri(‘8 by iitcreuse i if loml 
resistance is, therefore, accompanied by re<luction ot tin** (Hir\ iiliiri* ot flio 
dynamic transfer characteristic. 

That the transfer characteristic of a iriodet is stniiglilonoil in llii* 
negative range of grid voltage by the introduc.tion of iduf e load ri*sislnii«r 
and, hence, that the coefficients of the second and higher ieriiis nf f he 
series are reduced with respect to the first term can also he slioivii !iv 
constructing dynamic transfer characteristics for dUhmii vatui*H of load 
resistance. Although the dynamic transfer charuivteristies vim iit» rtio^f 
readily obtained from the plate family of charaeteristies in riinittier f lint 
will be explained in Chap. 4, it is instructive at this point to dmiv e om! 
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from the static transfer characteristics. 0 represents the static operating 
point ill rig. 3-22. With no external resistance in the plate circuit a 
change of grid -voltage from Ec to Ec H- Acc would cause the current to 
change to 4', corresponding to a new point a on the same static character¬ 
istic. With resistance in the plate circuit, however, the increase of plate 
current accompanying the change in 
grid voltage increases the IE drop in 
the plate circuit and thus reduces the 
voltage of the plate to a new value 
Eho ~~ EiAib, corresponding to point a'. 

Similarly, if tlie grid voltage is changed 
to Ec — Acr, the ])(:)int shifts to 5'. By 
plotting corresponding values of 4 and 
it is possilile to obtain the complete 
dynamic transfer characteristic, shown 
by the dashed line. Pigure 3-23 shows 
the dynamic transfer characteristics of 
a type 56 tiiode for various values of 
resistance load, the jilate supply voltage 
being increased with Rb in such a manner as to maintain the same static 
operating point. Figure 3-24 shows similar curves for constant plate 
sui>ply voltage. 

In the positives range of grid voltage, tlie int-roduction of load resist- 
ance into the plate circuit may incuxuise tlie curvature of the transfer 



6rid Volfage 

Fig. 3-22.—Construction of a dy¬ 
namic transfer characteristic from tho 
family of static transfer characteristics. 



Fiu. I )yna,mi(? traiish'r character- 

i.sti(!.s of tlus tyixi 50 triorlo for four valvie.s (;f 
load rosistauecs at fixed oi)orating voltagas. 
r;, = Mh, 



Fid. 3-24. -Dynamic transfor charactcr- 
i.stics of tlic type 5(1 triocle for five valuers of 
load rosistanco at fixed plate supply voltage. 


characteristics. The rcianoa for tluH is made apparent by rcifercnce to Fig. 
3-6. Since the amihiiioation. factor is equal to the slope of the ei-e-c 
characteristi(!.s, it is evident from Fig. 3-6 that the amplification factor 
varies greatly in the positive region of grid voltage. Hence the ratio 
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a^Jai given by Eq. (3-60) does not approach zero as is iBcreaBed, lint 
increases with n at large values of n. The increase of curvature* with 
increase of load resistance can also be explained readily physic^ally. As 
pointed out on page 49, the bending over of the transfer chara(*teristicB at 
positive grid voltages results in part from diversion of electrons to tlie grid 
At a given positive grid voltage, the number of electrons diverted to 
the‘grid increases as the plate voltage is decreased. Tlie increase of 
IR drop resulting from an increase of load resistance decreases tlie i>late 
voltage. More electrons are diverted to the grid, and so plate current 
is decreased. Increase of load resistance therefore increase's thc^ b(*nding 
over of the transfer characteristics at positive grid voltages and may even 
cause them to have maxima. 



Grid Voltage 

Fig. 3-26.—Typical dy¬ 
namic transfer characteristic 
for inductive load. 


At large values of grid excitation voltage, 
the amplification factor of pentodea is not con¬ 
stant throughout the negative-grid range of 
operation and, although the curvature of the 
transfer characteristic first decreasea with 
increase of load resistance, a value ia reached 
beyond which curvature again increaaea (atto 
Sec. 6-25). 

When the load contains reactance, as well aa 
resistance, the behavior is complicated by the 
phase difference between the plate voltage and 
. ^ current. If the impedancie ia auflficiently 

high, the dynamic transfer characteristic obtained with sinviaoidal excitti- 
tion IS nearly elliptical. For lower values of impedance the dynainie 
transfer charactenstic resembles an ellipse but has a curved axia, as shown 
or mductive reactance in Fig. 3-25. As the reactance is reduced, the 

ouoW Ee*tace.-Th, i„ th. 

rSLi r P ale volt^e by the inphaee eon,p„„„„t „f tl,, 

mSS ■ft Te ’ ...aiPtained 

-T-n. a Quadrature eomponent of current, which rrwulta from 

r 

plat, euneu. corresponding to a ^yen Ir^at n7pS 

other dectrode voltages are constant may bo found Cm iZXC 

0d2)bymatongo..ndr.tor„, Whenr.,ser„ - oJCV'« 
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-f- . ♦ . 
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Because of curvature of the static plate characteristics, the derivatives 
of the plate resistance are not zero. When, the excitation voltage is high, 
therefore, the second- and higher-order terms of Eq. (3-61) are not negligi¬ 
ble. Contributions of the third- and other odd-order terms to the funda¬ 
mental component of plate current cause the ratio of the alternating plate 
voltage to the fundamental component of alternating plate current to 
differ from the static plate resistance. As is reduced, however, the 
ratio of the higher-order terms to the first term decreases, and ep/ip 
approaches If the amplitude of the plate excitation voltage is small 
enough, the dynamic plate resistance approximates the value determined 
from the slope of the static characteristic at the operating point (at 
frequencies low enough so that the electron transit time is negligible). 
The static plate i^esistance may, therefore, be found dynamically by using 
a sufficiently small plate excitation voltage. In a similar manner it may 
be shown that the dynamic measurement of transconductance and of 
variable amplification factor requires the use of small excitation voltages. 

Problems 

3-1. From the static plate characteristics of the type 6J5 tube find the values of 
ju, fp, and Qm at the point Eh “ 200 volts, Ec ^ '—S volts. 

3 - 2 . From the static plate characteristics of the type 6SJ7 tube, find the values of 
fXj Vp, and Qm at the point Eb « 200 volts, Ee ^ —2 volts. 

3-3. a. From the following data find approximate values of jit, and gm at the 
point Eh “ 180 volts, Ee “ —12.5 volts. (Note that only two of these factors can be 
found directly from the data given.) 


14, volts 

1 Er, volts 

Ih, ma 

180 

-12.5 ■ 

7.5 

100 

-10.0 

7.5 

180 

-12.3 

7.84 


h. B'rom the following data fiiul approximate values of /.i, fp, and gm at the point 
Eh » 250 volts, E, « -10 volts. 


Eh, volts 

iiV, volts 

Ihy ma 

250 

-10 

2.0 

220 

-14 

2.0 

200 

-10 

3.0 


3-4, Determine the freciuencies of all components of alternating plate current 
associated with the first three terms of the plate-current series when the frequencies 
00, 100, and 900 cps are simultaneously impressed upon the grid of a vacuum tube. 
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3-6. Equation (3-2) suggests that it should ho poasihh* to (‘xpr(\Hs tho alternatiuff 
plate current by the following serieS; in which is assunuHl to ho (‘oust ant: ^ 


' ^li^p + “h + A’aifp .»|, 


( 3 -(} 2 ) 


By differentiating both sides of this eqaatio!i successively {uhI cvalunling tneh 
derivative at the operating point, show that kn 




X 


and thus diU'ive 


do/tjo ■ n\ 

Eq. (3-45). 

3-6. a. Show that, if the amplification factor is tonstant and tin* load iiiquHlaiiiee 
zero, the coefficients a„, of the series expansion for /,, rcduc<* to [moc h^i (3-45)| 

h. Show that, if thestatic characteristics arc nHsiuncHi to In* piinihoiic, all 
of terms of the series expansion for ip of higlun* ord(*r tlnin tin* s<‘con<i zinK 

c. By means of the series expansion show that for parabolic clmra(‘tt*ri«tics con¬ 
stant amplification factor, and zero load impedance t lu‘ nini)litud<‘H of I ht* Hfcndv iuid 
secoind-harmomc components of plate current are one-fourth tin* amplitude <4* the 
undamental component when the grid bias AV is onn-half tlu‘ cutoff value anti 
e — Cg ^ Ec sin cat. 

nonritfyt°'^ 

graphically for u type 4.5 trio.lo with roHintan,.,. loH<i at 


rated operating voltages when (a) n =' 0 ; (b) n 


'v; (r) n • 2/\ 



CHAPTER 4 


METHODS OF ANALYSIS OF VACUUM TUBES AND 
VACUUM-TUBE CIRCUITS 


Since tlie application of vacuum tubes is governed in part by the 
extent to which it is possible to analyze the operation of tubes and asso¬ 
ciated circuits, a study of the methods of analysis is of considerable 
importance. This chapter will, therefore, present analytical and graphi¬ 
cal methods of analysis of high-vacuum tubes and their circuits. 

4-1. The Equivalent Plate Circuits —In the solution of many vacuum- 
tube problems, particularly when the excitation voltage is small and the 
load impedance high, sufficient accuracy is obtained by making use of only 
the first term of the series expansion for the plate current [Eqs. (3-58) 
and (3-59)]. To a first approximation the alternating plate current is 
then given by the ec|uations 


where 


j. =..= 


fxE 


Tp + Zh Tp + n + jXh 
iiE 


V (r„ + »■(,)'■* + Xi? - 


/9 


E = Zl' 4 - F and 6 


tan”" 


Xh 


Tp + Th 


(4-1) 

(4-2) 


In these equations Vp is the plate resistance at the operating point, and 
Zh is tlie impedancjc of tlie plate load at the frc(iuency of the applied 
voltage. The value of Ip given by E(is. (4-1) and (4-2) is the same as that 
which would flow in tlie simple series circuit of Fig. 4-la. This equivalent 
plate circuit may, tlierefore, bo used to find tlie approximate value of the 
fundamental c-omponent of plate current and of the currents in the various 
branches of the load impedance. This fact may be expressed in the 
form of tlie equivalcnt-plate-circuit theorem for amplification^ which states 
that the fundamental component of alternating plate current is approxi¬ 
mately equal to the current that flows as the result of the application of 

1 Miller, J. M., Bur. Standards Bull. 16, 3G7 (1911); Proc. LR.B\, 6, ,141 (1918); 
Van dbr Bul, IL J., Phys. Rev., 12, 171 (1918); Proc. I.E.IL, 7, 97 (1919); Chaffee, 
E. L., Proe. IJtE., 17, 1633 (1929); Goodhue, W. M., Electronics, December, 1933, 
p. 341; Eichtbe, W., Electronics, March, 1936, p. 19 ;IjANDON, V. I)., Proc. LR.E., 18, 
294 (1930). 
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the voltage Vp + fiEp to an. equivalent circuit coiusiKtinK "f Ihf ••sicrn&l 
load impedance in series with a constant resistance erjiuil to the a*c jdiito 
resistance of the tube at the operating point. 

Equation (4-1) may also be written in the form 

EzhCgp +■ yd ^ Vj,gp + 


Equatiou (4-3) suggests the parallel et.|uivalc»nt eiiTiiit nf Fig. 

The ease of combining admittances sometimes makcH it to 

use Eq. (4-3) and the parallel equivalent circuit, in place lv«|,. (4-1) 
and the series equivalent circuit, particularly when the load iiiijuairiiice 
consists of a number of parallel brandies (sejc Api'^ciidiK, A-I f. 

By making use of the first term of the sorian expansion for flic grid 





current, CH|uationH aiuilogouH f.ii 
(4-1) and (4-3) may ia* dr*rivcd for 
the grid enreuii of a triodi*. 


Fio. 4-1.—Series! and parallel equivalent 
plate circuits. 


- 

and 

“F yd 


.r, 4' 


"f i» 




Vdk 'i'" 


The equivalent grid circuits are of the same form an Fign. 4-In iiiiil 
4-16, the subscripts p, g, and & being replaced by y, and ,, rcHpi^ctivoly 
and ix by ixg. Equations (4-1) to (4-5) may also bo written in torriirt tif 
crest values of currents and voltages. Similar equations may lie wrilteii 
for any electrode of a multigrid tube. 

Equations (4-1) to (4-5) are based upon Fig. 3-18, in wliidi t lio Iciiid 
impedance is assumed to be free of e.m.fs, and the plati^ excitation vcilliip? 
Fp is assumed to be in series with The load imi.Haliiiice in in geiieriil 
made up of a number of branches that may eontain otfier in 

addition to or in place of the e.m.f. in series with tlic entire iiiipecliinre, 
Application of the principle of superposition, which in valid tiiidi*r llie 
assumption that the second- and higher-order teriBH of tlie {iliile fuifitaii 
series may be neglected, shows that the presence of additiornd crjiiis. 
within the load does not affect the currents caused by Eg or hv ii volt up* 
Vp in series with Zb. The equivalent circuit will, tliereftir«:% giw f.lie 
correct values of currents if the additional volt^iges are ineluiicaj .in tin'* 
equivalent circuit m the positions that they oc(n„ipy in tla^ iirtmd rirriiit,. 
The equivalent circuit must include all portions of ilia iii*t 4 iid eiriaiil 
that are conductively, inductively, or capacitivcly coupled to thi* plate. 

If the grid circuit contains impedances through winch fdtertiiitiiia 
current ^ws, as in Figs. 4-2 and 4-30, the value of the altiU‘iiatirtg grid 
yo age g may differ from the excitation voltage applied frcini an 
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external source. Vg may, in fact, be derived entirely from the flow of 
alternating currents through impedances contained in the grid circuit; 
In general, therefore, it is necessary to evaluate before the networfc 
equations for the equivalent circuit can be solved. is usually found 
most readily from the actual circuit and is equal to the vector sum of all 
alternating voltages between the cathode and the grid along any con¬ 
tinuous path. 

The use of equivalent circuits greatly simplifies the solution of many 
problems involving tubes and associated circuits. Once the equivalent 
circuit has been formed, it is not even necessary to know that a vacuum 
tube is involved, as fundamental currents and voltages at various points 
may be computed by the ordinary methods of a-c circuit analysis. The 
validity of the equivalent circuit in a given problem depends upon the 
desired accuracy. If only qualitative results are desired, it is often 
possible to apply the equivalent circuit even when harmonic produc¬ 
tion is high. Where a high degree of accuracy is essential, the use of the 
equivalent circuit is valid only at small amplitudes. It cannot be 
applied when the conditions of operation are such that current ceases to 
flow during a portion of the cycle of exciting voltage (see Sec. 5-15). 
The equivalent circuit obviously gives no indication of the production of 
harmonics and intermodulation frequencies. The acceptance of the 
equivalent circuit is, therefore, tantamount to the assumption that the 
tube is a linear circuit element. 

Since the grid conducts only when it is positive and since the grid 
characteristics are not linear, the flow of grid current through external 
impedance distorts the alternating grid voltage. Furthermore, the grid 
current varies with plate voltage. For these reasons the simple equiv¬ 
alent plate circuit is not applicable with accuracy when grid current 
flows through a grid-circuit impedance. Ordinarily, however, in circuits 
in winch appreciable grid current is allowed to flow, the conditions of 
operation are such that the equivalent circuit would not be applicable 
even if no grid current flowed. In such circuits it is necessary to resort 
to graphical or experimental methods of analysis. 

4-2. Construction of Equivalent Plate Circuits,—Use of the following 
procedure ensures the correct formation and solution of series equivalent 
plate circuits. (See Appendix, Sec. A-1, for parallel-circuit procedure.) 
With suitable changes of symbols it may be applied to the circuit 
of any electrode. 

1. Insert the equivalent voltage jJiEg and the a-c plate resistance fj, in series 
between the plate and the cathode, indicating the polarity of the equivalent 
voltage to be siicli that the cathode side of the voltage is positive, as in Fig. 4-25.^ 

^ The polarities indicate the vector relations between the voltages, a change in sign 
being eqiiivalent to a reversal in the direction of the vector representing the voltage. 
The polarities may also be construed to apply to the instantaneous voltages at some 
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If alternating voltage is impressed upon more than one grid, there is an equivalent 
voltage in series with Vp for each grid that is excited. 

2. Assume polarities for the grid and plate excitation voltages 'Vg and Vp. 
It is convenient to indicate the polarities to be such as to make the grid and plate 
positive relative to the cathode. (When excitation voltages that are in phase 
opposition are applied simultaneously to two electrode circuits, however, only 



one of the excitation voltages can be indi¬ 
cated as having sucli polarity as to make 
its electrode positive relative to tlie eatliode.) 

3. Assume positive directions for the 
various alternating circuit currents. It is 
sometimes convenient to choose the|)OHitive 
direction of plate current as that in wliich 
the equivalent voltage jmEg tends to cause it 
to flow, i.e.j tliroiigli tp from plate to 



cathode, as shown in Fig. 4-2, but this is not 
essential. 

4. Delete the tul)e symbol (or show 
dotted), all electrode sui)|)ly voltages and 
other direct voltages, and all circuit 
branches not coupled to tlie |)late (such m 
the screen circuit of a screen-grid tetrode, 
as it is usually used). 



6. Redraw the resulting eciuivaient cir¬ 
cuit in the form in which it may 1)0 most 
readily analyzed. 

6. Express the alternating grid voltage 
Eg as the vector sum of all altcTiiating 
voltages between the eatliode and tlia grid 


Fig. 4-2.—(a) Tube circuit; (6) cor- continuous path. This can USU- 

responding equivalent series plate cir- ally be done most conveniently l)y reference 

^ CnTTOnU iUld fiXCi- 

tation voltages being indicated in tlm same 
directions as in the equivalent circuit. Any voltage that contrilniteH to E„ 
including the excitation voltage Vg, must be preceded by a positive sign in this 
sumrnation if it tends to make the grid positive relative'to the cathode, and by a 
negative sign if it tends to make the grid negative relative to the cathode. If 
alternating voltage is impressed upon more than one grid, each equivalent grid 
voltage in the equivalent circuit must be evaluated in this maimer. It should 


instant m the cycle. When gr„ is positive, a positive increment of grid voltages produces 
a positive increment of plate current. Likewise, when rp is positive, a positive 
mcrenmnt of plate voltage produces a positive increment of plate current. Hence, 
when Hg makes the grid positive relative to the cathode, the polarity of the. equivalent 
voltage f^Eg must be such as to cause plate current of the same direction as is produced 
by a positive plate voltage. This is ensured by making the polarity of the equivalent 
voltage such that it tends to cause current to flow into the plate and calling E, niwitivo 
It It makes the grid positive relative to the cathode. 
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be noted that ¥„ may be zero m some circuits, Eg being derived entirely from the 
flow of alternating currents through impedances contained in the grid circuit, as 
in Fig. 4-30m. 

7. Write network equations for each loop of the equivalent circuit. These 
equations, in conjunction with the expression for Eg found in step (6), may be 
solved simultaneously to find all circuit currents and voltages. A negative 
value of any current found in this manner merely indicates that the current is 
opposite in direction to tlie assumed positive value, t.e., that its phase is opposite 
to that assuniod in the equivalent circuit. 

The method of constructing equivalent plate circuits and of evaluating 
Eg can be shown best with the aid of specific examples. Application of 
steps (1) to (4) of tlie above procedure to Fig. 4-2a gives the equivalent 
circuit of Fig. 4-26, which may be rearranged in the more convenient 
form of Fig. 4-2c. The most direct path between the cathode and the 
grid is through CV The only alternating voltage between the cathode 
and the grid along this path is that resulting from the flow of I 2 through 
Ci, Hence Eg = —Li/joiCi, The minus sign must be used because the 
flow of J 2 ill the indicated positive direction causes Ci to charge in such 
polarity as to make the grid negative relative to the cathode. An 
alternative path from cathode to grid is through and Yg. Summation 
of voltages along this path shows that Eg is also equal to 

{I, - /i)r3 + Yg. , 

12^3 is positive be(*.ause the flow of in the indicated positive direction 
produc^es a voltage’! across Vz that tends to make tlie grid positive relative 
to the <;athc)dc. ICither of these two expressions for Eg, together with 
the three equations^obtained by summing voltages in the three loops 
of the eciuivalent circuit, may be solved simultaneously to find the values 
of the (nirrents in terms of the circuit constants and Yg- li Ci were 
omitted, /s would he zero and Eg would be equal to Vg — lira. The 
rightrluind loop of the ecpiivalent circuit of Fig. 4-2c would then also be 
iibsc^nt. 

Alternating voltage may be api)lied siinultaneously to two or more 
ele(‘t;r()des in order to prodiuH^ an alternating plate (uirrent, as in the 
ciixmit of Fig. 4-8a. In tliis ciixniit the excitation voltage Vgi is impressed 
upon tlie first grid, but the (low of h through the resistance r produces an 
alternating coiniionent of suppressor (3d grid) voltage. The equivalent 
circuit, shown in Fig. 4-36, therefore contains the two equivalent voltages 
MB’,;! aad to V,u aud is equal to -hr. Since 

the screen voltage is conutant, the equivalent plate circuit does not 
contain an equivalent screen voltage. If the screen circuit contained an 
impedance, however, the flow of alternating screen current through this 

I m ut ciinstaut fl,. 
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impedance would produce an alternating component of screen voltage, 
which would affect the alternating plate current. The equivalent j)kte 
circuit would then contain a third equivalent voltage, Since 

Eg 2 would have to be found from the equivalent screen circuit, which 
would in itself contain three equivalent voltages, two of wdrich would 
depend upon the plate current, it is evident that the analysis of the (drcuifi 
would be very involved. Fortunately, however, this difficulty in seldom 



Fig. 4-3.— (a) Pentode circuit 



cw 


applied to both first and third grid rirndtii 
plate circuit. 


with excitation 
(b) equivalent 


encountered in practice, because the impedance of the screen circuit is 
ordinarily made negligible at the frequency of the excitation voltages. 

Figure 4-4a shows a circuit in which the excitation is applied to the 
plate circuit. Through voltage-divider action of the circuit impedanecw, 
a portion of the impressed voltage Fp is also applied to the grid. The 
seven-step procedure outlined at the beginning of this section may be 
applied, Vp being for convenience indicated in such polarity as to make 
the plate positive. The equivalent circuit is shown in Fig, 4-4b. Flow 



of 1 1 in the indicated positive direction tends 
Hence Eg = +jc^LIi. 


to make the grid positive. 


pr„ctd^;eSf rj “"1*“ Otter Then Are PIate.-Th» 

\ ^ ® ? restricted to the plate circuit, but may, with 

of any electrode rf ^ forming the equivalent'circuit 

any electrode of an amplifier tube excited by alternatinff 

jmpressrf upon the circuit of that or of any other decirdt i tt *- 
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cuit of Fig. 4-5a, for instance, the excitation is impressed upon the 
circuit of the third grid in order to vary the second-grid current. The 
equivalent second-grid circuit, formed by a five-step procedure analogous 
to that outlined in Sec. 4-2 for plate circuits, is shown in Fig. 4-5?>. 
Because no alternating voltages are impressed upon the first grid or 
upon the plate, the equivalent circuit contains only one equivalent 
voltage, ix^zEgzA The alternating third-grid voltage Egz is equah to 
+ n3-/in. 

Any two of thp three tube factors relating two electrodes of a multigrid 
tube may be negative (see Secs. 3-8,3-9,6-39,10-3, and 10-23). Negative 
tube factors do nqt change the method of forming the equivalent circuit 
or of evaluating the alternating grid voltages but may affect the numerical 



atx altornuting screen curreat; (6) equivalent screen circuit. 

solution of the equivalent-circuit equations or the interpretation of an 
equation obtained by the solution of the circuit equations. The fact 
that tube factors are negative need not be taken into account until 
numerical values arc introduced into the equations or their solution. 

4-3. Tube Capacitances and Admittances. —The complete equivalent 
circuit is not so simple as that which has been presented up to this point. 
The small interelectrode capacitances and the conductances caused by 
surface leakage or by electron or ion currents between grid and cathode or 
grid and plate cannot always be neglected. Fortunately this fact does not 
invalidate the equivalent-circuit theorems, inasmuch as the interelectrode 
capacitances apd conductances act the same as equal capacitances 
and conductaaces connected externally between the electrodes. It is 
permissible, therefore, to add them to the simple equivalent grid and plate 
circuits as parts of the external impedances. In modern tubes of good 
manufacture the leakage conductances are so small that they can usually 
be neglected in comparison with other tube and circuit impedances. 
Figure 4-6 shows the complete equivalent circuit of a triode (or any tube 
in which only the plate and control-grid voltages pillowed to vary) 
with negligible leakage conductances.. 

at constant 



94 


APPLICATIONS OF ELECTRON TUBES [Chap. 4 

The rather involved formulas for the total grid and plate admittances 
which may be derived by the solution of the network of Fig. 4-61 are 
seldom useful. This is partly because of the complexity of the formulas 
and partly because the flow of grid current through 2 , during only a portion 
of the cycle causes the alternating grid voltage to depart markedly from 
sinusoidal form and thus destroys the accuracy of the formulas. More 
frequently used are the somewhat less complicated formulas for the case 


Gr/W P/cffe 



Cotfhoo/e — 

Fio. ^-«--«Xclancer ct r leakage con- 

ductances. Cgp, and C^k are the mterelectrodo capacitances. 

in which the grid bias is sufficiently great to prevent the flow of thermionic 
grid current. These are* 


Yg = Sb) + CoC'„yg„[co(C„B + Cr,!,) 

[oi{Cgp -f Cpk) — 65 ]* + [gip -|- 


65] 


i. \ I 

+ j + Cgp) 


_l_ <>^Gg.pgm{gp + gh) - co*CBp*[a>(C„„ -\- Cpk) 
[“(Cflp + Cptc) — fet]* + [gfp 4- 


h]] 


Y„ = Up + + eiC'„p.(7^[a>(C„„ + Cgk) - h] 

[0>{Cgp +• Cgk) — + gc^ 


where 


+ j LiCpk + Cgp) + - CC^Cgp^[u(Cgp + Cg k) 

i [(i>{Cgp + Cgk) — be]* H- (/o* 


Y 

E„ 


and 


F„ 


h 

Ep 


(4-6) 


(4-7) 


Simplifications that facilitate the use of Eqs. (4-6) and (4-7) can usually 
be made in particular applications. 

10 6?7” COLBBKOOK, P. M., Wireless Eng., 

10, 657 a933)_ Se^also J. M. Miller, Bur. Standards Sci. Paper 351 (1919)- S 
BALLANtaNE, Phjs. Rev., 16, 409 (1920). 

transit time, which must be taken into consider- 
s-tion at ultramgh frequencies (see footnote 1, p. 97). 
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Inspection of Eq. (4-6) shows that the effective input capacitance of a 
vacuum tube is increased by the flow of plate current. An insight into the 
physical reason for this change, is well as useful approximate expressions 
for the effective input capacitance and the input conductance, can be 
obtained by an irpproximate analysis based upon Fig. 4-7. The input 
current A is the vector sum of two components: Ji, which flows through 
Cijk, and /a, which flows through The voltage which causes h is 
whereas that which causes It is the vector difference^ between E^j and 
Ezb^ Ezh in general differs from Ey in both phase and magnitude. This 
fact may be expressed symbolically by the relation E^h = AE(f, where A is 
a vector quantity that is ordinarily greater than unity in magnitude. ^ 
Then the vector difference between E^ 
and Ezh is — A) and the input 
current is 


r;sip 


/,* = Ji + 12 = E(fjojC,ik 

+ EJc.C\Al ■ 

ij,nd the input admittance is 
Y = h 




^ jco[C, 




+ C„ 


(I. 


A) (4-8) 

^)] 

(4-9) 




—■A— p 


T 

\ 




Fia. 4-7. -Circmit of a triode with 
impodanco load, showing interelec¬ 
tro do capacitan cgb. 


Reac.tan(^e in tlie load zi, in general causes A to have an imaginary 
component and hence to have a (ionductive comi)onent. When Zh 
is a pure reHistan(‘.e n, which is small in comparison with the reactance of 
Cpk and Ct,p in parallel, however, the imaginary component of A is negiigi- 
l)le and the ecpiivalent plate circuit shows A to have the value 
— Yy is then purely capacitive and the equivalent input 

capacitance is 


joj 


= Cy. + Cy.(l - A) - C\k + C. 


(I +. 

V n + Tp/ 


(4-10) 


For pure rt^actance load .r/„ small in comparison with the reactance of 
Cpk + Ciuh the e<iuivalent plate circuit shows A to lie —jfxXh/{rp + 

The ini)ut admittance is 




' uk 




T pXhOiOpp 
^ r/ + Xh^ 


(4-11) 


Tlie effective in|)ut ca|)a(dtancc is 

c, = c„u + C,, (1 + M (4-12) 

^ It is the vector difference, rather than the vector sum, because both E(, and E,h 
are ineasnrcd relatives to tlie taithode. 

^ It will l>e seen in (’hap. 5 tliat A is called the voltage amplifusation (see Sec. 5-4). 
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Equations (4-10) and (4-12) may be written in the form 

Ci = C,, + + [ 11 ) (4-13) 

If the reactance of Cpic -f Cgp is large in comparison with r,„ Ci increases 
with the ratio of rs or Xi to r^, approaching the limiting value 


Max. Ci — Cgh H“ Cgp(l m) 


(4-13rt) 


The input conductance for reactive load, given by the last term of 
Eq. (4-11), is zero when Xb is zero, rises to a maximum value at Xh — r,,, 
and then falls with further increase of Xb. When the load is an inductance 
Lb, the input conductance is negative and has an approximate maximum 
value 


Max. G„ 


■ ifXuCg 


(4-136) 


It should be remembered that this analysis is an approximation and 
that Eqs. (4-9) to (4-136) yield sufficiently accurate results only when the 
reactance of C^k + Cgp is considerably larger than r,, and Zb. The effece 
of the capacitance Cpk + Cgp is usually to decrease A and thus to reduce 
the effective input capacitance below the value given by Eq. (4-13a). 
This equation is, therefore, useful in indicating approximately the largest 
value of a that is likely to be obtained. At 10,000 cps the reactance of 
Cpk + Cgp is of the order 1 to 3 megohms in receiving tubes and so doe.s 
affect the value of Yg of pentodes, tetrodes, and high-mu triodes even at 
audio frequencies. For accurate values of input admittance it is nece.s- 
^ry to use Eq. (4-6). Equations (4-9) to (4-136) may bo obtained, from 
Eq. (4-6) by making h or zero and assuming that w(Cl„, -f Cpk) is much 
larger than gp and pj. The approximate analysis shows that the increase 
of effective input capacitance over that obtained when the cathode is cold 
results from the action of Ea, in sending current through Cg,,. 

The fact that the input conductance may be negative when the plate 
load contains inductance is of importance because oscillation may take 
place when an oscillatory circuit shunts a negative resistance (see Secs. 
10-17 and 10-21). It wiU be shown in Chap. 6 that the input capacitance 
must be taken into consideration in the analysis of vacuum-tube ampli¬ 
fiers at frequencies above about 2000 cps. Special tubes having very 

been designed for use at high radio 
such tXe?' ^ tramples of 

intoV^'/r^^'n rV"" *be current that flows 

ntq Cgp IS caused to flow by the vector difference of E,b and Eg. If the 

cmmnriirrro^^^ the mput 

ceptiv! If th^’ 1 admittance is purely sus¬ 

ceptive. If the load contams reactance, on the other hand, E.b is not 



Sec. 4-5] 


METHODS OF ANALYSIS OF VACUUM TUBES 


97 


exactly in phase opposition to Eg^ and so the input current has a com¬ 
ponent that is in phase with Eg, and the admittance has a conductive 
component. At frequencies so low that electron transit time has a 
negligible effect, the input admittance can have an appreciable con¬ 
ductive component only when the load (including Cpk) has an appreciable 
reactive component. If the frequency of the input voltage is so high 
that the transit time is of.the same order of magnitude as the period, 
the electrons arrive at the plate an appreciable fraction of the cycle 
after they leave the cathode. Since the number that leave the cathode 
is determined by the grid voltage at the instant that they leave, it 
follows that the plate current lags the grid voltage. E^h is, therefore, 
not 180 degrees out of phase with Eg^ even when the load is nonreactive. 
Hence the input admittance has a conductive component. The effective 
input conductance resulting from transit time when the load is non¬ 
reactive is 

Gg = (4-13c) 

ill which K is a parameter that depends upon the electrode spacing and 
upon the operating voltages, Qm is the transconductance, /is the frequency, 
and Tt is the electron transit time.^ Because of the grid circuit power 
loss that is associated with it, input conductance resulting from electron 
transit time is one of the factors that limit tlie performance of amplifiers 
and oscillators at ultrahigh frcHpiencies. 

4-4. Graphical Methods.—Many vacuum-tube problems can bo 
solved most readily l>y graphical nu^thods based upon the plate or transfer 
families of characteristics.- In certain cases there is some advantage 
in the use of the transfer characteristics, but the usefulness of the plate 
characteristics is mucli liroader. This results partly from the fact 
that with nonreacitive load tlie locus of corresponding values of plate 
current and plate voltage assumed during the cycle with a given load 
is a straiglit line, and partly because certain areas of the 4-^6 diagram 
are proportional to i)ower supplied or expended in various parts of the 
plate circuit, as will be shown in Sec, 4-21 and Chaps. 7 and 8. 

4-6. Static Load Line.—When the excitation voltages are zero, 
the plate current and voltage assume their (luicscent values, which are 
related l)y E(|. (3-30). Tliis cciuation may be written in the form 

lu = (4-14) 

1 Terms, W. It, Frot, LlUl, 24, 82 (1936); Kobth, I). 0., Prac, IJLE., 24, 108 
(1936). 

® Wabnke, J. C%, and LouaHEEN, A. Y., Pw., l.EJLj 14, 735 (1926); Gkbbn, E., 
Fng., 3, 402, 469 (1926); GeOnwali.), K., 22, 306 (1933); Cockintg, 

W. Eng.. 11, 655 (1934), 
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If is constant, Eq. (4-14) is that of a straight line intersecting tlie 
voltage axis at the point = Ehh and having a negative slope in amperes 
per volt equal to the reciprocal of the d-c load resistance. It is possiljle 
that the d-c load resistance may vary with Iho^ Equation (4-14) is then 
that of a curve passing through the point on the voltage axis wlmm 
= Ebb. Static load lines for fixed and variable load resistances are 
illustrated in Figs. 4-8a and 4-8&. 



Pig. 4-8.—Static load line for (a) fixed d-c load resistance; (h) d-c load rosintanci^ that 

varies with current. 


The line represented by Eq. (4-14) is the locus of all static ojierating 
points that can be assumed with the given d-c load resistance and plate- 
supply voltage, and is called the stdtic load line. From a comparison of 
Eqs. (3-26) and (3-30) it follows that all corresponding values of average 
plate current and average plate voltage assumed with excitation must 
also lie on the static load line. 


Fig. 4-9.— 




Method of constructing the static load Une. (a) Plato «upi>ly vultattc Kiven; 
(,oJ stat/ic operating point given. 


If the plate supply voltage is known, the static load line for constant 
d-c load resistance may be constructed by joining the point = Aw on 
the voltage axis with the point i, = E^/B, on the current axis. Usually 
owever, the slope of the static load line is so great that its intercept (in 
the current axis is beyond the current range covered by the plate diagram. 





Biio. 4-6] METHODS OF ANALYSIS OF VACUUM TUBES 99 

Some other convenient point must then be used. Since the slope of the 
static load line is equal to 1//4, it follows that Aet/Au = Kb, where 
Aeb and Aib are the difference in voltage and current of any two points on 
the line. Hence the line can be constructed by drawing it through the 
point Ebb on the voltage axis and through any other point whose coordi¬ 
nates differ from those of the point Ebb by amounts Ae-b and Aib such that 
Aeb/Aib = Kb, as shown in Fig. 4-9tt. Any convenient value of Ae&, such 
as 10 or 100 volts, may be tised in tlris relation to find Aib. After the 
static load line has been drawm, the static; operating point for a particular 
grid bias may be determined from the intersection of the static load line 
with the static characteristic corresponding to the given bias. 

If the static operating current and voltages, rather than the plate 
suppl^y voltage;, arc given, the static load line is drawn through the static 
operating point and any other point whose coordinates differ from those 
of the operating point by amounts Aei atid A4 such that Aeb/Aib ~ Kh 
as shown in Fig. 4-96. Although the reciuired plate supply voltage may 
then be found from the intersection of the static load line with the 
voltage axis, it may be determined with greater accuracy from Eq. (4-14). 

4-6. Dynamic Path of Operation. Dynamic Load Line. —The locus 
of all corresponding values of instantaneous plate current and plate 
voltage assumed during the cycle with a given value of load impedance 
is called tlie dynamic path of operation. Under tlio assumption that the 
alternating plate current is sinusoidal, the instantaneous alternating plate 


current and |)late voltage are 

ip == Ipvi sin cot (4-16) 

Op = - lpjzb\ sin (cot + d) (4-16) 

(see Eq. 3-32) wheux; 

d = (4-17) 

Expandinp; sill (co/ -f- 8) aiul substituting E(i. (4-15) in Ecj. (4-16) gives 

-<•„ - i,i\zh\ cos d + \zh[ — i/ Hin 0 (4-18) 

Tninsiiosing, sciuaring, and substituting nj\z^ and for cos B and 

sin d, simplify K<i. (4-18) to 

-f- == (4-19) 


This is tiie equation of an ellipse whose center is at the operating point. 
It follows that the dynamic path of operation is an ellipse whose center 
is the operating point, as shown in Fig. 4-10. When ip — Ipm, e,p = Ep 
and Eq. (4-19) reduces to IpmfE,,' = —\/n, indicating that the slope 
of the line joining the operating point with the points of tangency of the 
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ellipse to the upper and lower horizontal tangents is the reciprocal of the 
a-c load resistance. 

The presence of harmonics in the plate current and voltage caiises 
the path of operation to depart from the elliptical form indicated by 
an analysis based only upon the fundamental component. Graphical 
methods of analysis are most useful when harmonic production is not 
negligible. Since the true path of operation cannot be determined until 
the harmonic content is known, however, and the path of operation is 
needed for the determination of harmonic content, graphical analysis m 
rather complicated when the load reactance is taken into consideration.^ 
For this reason it is customary to make the assumption that the load 



is nonreactive. Although the results 
attained under this assumption are not 
rigorous, they are of consideral)le value 
in predicting the performance of 
vacuum-tube circuits. If xt = 0, Ecp 
(4-19) reduces to 

+ ipn = 0 (4-2()) 


Fig. 4-io,--Path of operation for a which is the equation of a straight 
Iratumed line_through the static operating point 

leaving a negative slope equal to the 
reciprocal of the a-c load resistance. This line, which represents the locus 
of all corresponding values of plate current and voltage assumed during the 
cycle with the given resistance load, is called the dynamic load line. If the 
a-c load resistance varies with plate current, as is usually true if the plate is 
coupled to the grid of a tube that passes grid current, then the dynamic 
load line is a curve whose slope at every point is the reciprocal of the 
a-c resistance corresponding to the current at that point, as in Fig. 8-24. 

indicated by the letters M-N, as in Figs. 
4-14 to 4-21. ' ® 

4-7. Construction of the Dynamic Load Line. The Plate Diagram.— 

In naost vacuum-tube circuits the a-c resistance of the load differs from 
he d-c resistance. Figure 4-11 shows a circuit in which the a-c resist- 

stance R, of the primary of the transformer. The a-c resistance 
r. however, is equal to S. 4- 

transformer, can usually be simplified to + (R, + n is 


MbMoihy piif ’ Pheismau, A., BCA Re.., 2, 124, 240 (1937) (with 
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tlie se(X)n(lary--t()-primary turn ratio (see Sec. 7-21). Figure 4-12 shows 
a circuit in which the a-c resistance is less than the d-c resistance. In 
applications oi this circuit to vacuum tubes, the condenser C is usually 
so large that its reactance is negligible in comparison with and so 
the a-c resistance is that of Ri and K 2 in parallel. The d-c resistance, 
on the other hand, is Iih. ’ 


C 



. .^ Vq, 4-12.-~ Ciraiit in which the a-c re- 

.smtaiice betwecii the teneiiialH (exceeds ilie niataiHse between the teniiinals is less than 
(1-c reBistanc.^. the d-c resistance. 


Since the slope of the a-c load line is eciual to l/n, the coordinates 
of any two pointH on this line must differ l)y amounts Ac?, and A% such 
that AeiJAt}, = r^. If tlie dynamic operating point is known, the line 
may be constructed l)y drawing it through the operating point and any 
other point whose coordinates differ from those of the operating points 
by amounts sucdi tliat Aet,/Aib — n. 

The family of plate cliaracteristics, together with the static and 
dynamic load line, is called the 'plate- 
circuit diagram^ or sirni)ly tlie plate 
diagram. The use of platen diagrams in 
tlie prediction of vacuiun-tube amplifitu’ 
performance will be tnuited in later 
ciiapters. For reasons already given, th<^ 
rcuictive component of load impedance will 
l)e neglected in the construction of plate- 
circuit diagrams in tlie derivations and 
analyses iirescnted in the remainder of this 
book. 

''riie dynamic transfer characteristic 
may be readily derived from tlie plate Fia. 4-ia. U«e of tlie dynamio 
diagram by phittiiig (icirrespcituling values (,al couHtrucition of the piato- 
of % and e, for tlie points at wliich tlie 

dynamic load linci intersects the static characteristics. The dynamic 
transfer (?hani(‘,teristie. can then be used to determine the wave form of 
the plate current, for a giviui wave of alternating grid voltage. From the 
values of instantam^ous grid voltage at various instants in the cycle 
tlie corresponding values of current are determined by reference to the 
c.urvib or tlie cmrrcuit wave may be constructed by i,)rojec‘.tion, as shown 
in Fig 4-13. 
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It is sometimes convenient to indicate the range over which the 
grid voltage varies by showing the wave of alternating grid voltage 
on an extension of the plate characteristic through the static operating 
point, as in Fig. 4-14. It should be noted that because the static plate 
characteristics for equal intervals of grid voltage are not usually equally 
spaced, the wave of plate current cannot be accurately constructed by 
projecting from the grid voltage wave to the load line and thence to 
the plate current wave. 

4-8. Plate Diagram for a Load Having Equal A-c and D-c Resist¬ 
ance. —Figure 4-14 shows the plate diagram for a circuit in which the 
load is a pure resistance that does not vary with frequency. Since the 
a-c and d-c load resistances are equal, the static and dynamic load lines 



Fig. 4-14. —Triode plate diagram. Pure resistance load, '/v, == ./4* 

coincide. The path of operation and shape of the static characteristics 
are such that the current amplitude of the positive half cycle exceeds 
that of the negative. The average plate current therefore increases 
with excitation and the dynamic operating point A lies above the static 
operating point 0. In general, the position of A relative to 0 depends 
upon the region of operation and the shape of the static characteristics. 
Shift of the operating point with excitation is predicted by the series 
expansion for alternating plate current, since the even-order terms of 
the series give rise to direct components of current, the magnitudes of 
which increase with the excitation amplitude. 

4-9. Simplified Plate Diagram for a Load Having Unequal A-c and 
D-c Resistances. —Figure 4-16 shows an approximate plate diagram 
for a circuit in which the a-c resistance of the load exceeds the d-c resist¬ 
ance.^ In the construction of this diagram it is assumed that the dynamic 
load line passes through the static operating point. The wave of alter- 

1 Ill Fig. 4-15, values of instantaneous plate voltage in excess of the supply voltage 
result from voltage induced in the inductance of the load coupling transformer. 
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nating plate current ip, derived from the dynamic transfer characteristic 
in the manner explained in Sec. 4-7, shows, however, that the average 
plate current exceeds the static plate current and hence that the dynamic 
operating point lies above the static operating point 0. It will be shown 
in Sec. 4-10 that the dynamic operating point must lie on the dynamic 
load line. Since the static load line is the locus of all corresponding 
values of average plate current and average plate voltage, the dynamic 
operating point must also lie on the static load line. The static and 
dynamic load line must, therefore, intersect at the dynamic operating 
point, rather than at the static o])erating point, and the diagram of 
Fig. 4-15 is not correct. In many analyses of vacuum circuits, par¬ 
ticularly when triodes are used, it is nevertheless permissible to assume 
that the static and dynamic load lines intersect at the static operating 



Fid. 4-15.-—BiiniiUruHl pinto dingniiu for a circuit in whicih the a-c rcHistance of the load 

oxchhmIh tho (l-c rcHintancc. 


[xiiiit, tjhf thiit th(‘, Htatic and <lynaini<‘. oiiemting iioints coincide. Errors 
resulting from neglcHiting tlui shift of tlu^ ojxvrating point with excitation 
in the graplucal analysis of vacuum-tube circuits are ai)preciable only 
wlicn there is a relativcily larger change of average plate current with 
(excitation, as thevre may be, for instanc.c^, in pcuitode circaiits. Con¬ 
struction of tlic^ plai.e diagram is considerably more complicated when 
shift of tins operating point is taken into consideration, as will become 
api)arent in tlu^ following scuvtions. 

4-10. Exact Plate Diagram for Loads Having Unequal A-c and D-c 

Resistances,~'‘llu^ instantaiuious value of plate current must become 
e(|ual to the avcuiigc^ value, Ii,a twice.’! iti c^ich (jycle. Similarly, thednstan- 
tjnieoiis value of i)late voh.age must IxHJomo eepial to the avcirage value 
Bln twicci in cawii c-yckx Wluui the load is noruxaictive, the load voltage 
and plate (uirrent u,r(^ in i)liase and have identical wave form. The 
instantancKnis values of |)hit(', cnirrent and |:)late voltage must, therefore, 
become ecjual to the average valines of curremt and voltage at the same 
instants, and bo the dynamic*, load linc!, which is the locus of all possible 
simultaneous values of 4 and Cb asBurned during the cycle, must pass 
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through the dynamic operating point A, at which the current and voltage 
have the average values ha and Eba- As already pointed ontj the cly tiamic 
operating point A must also lie on the static load line, and so tlic dynamic 
and static load lines intersect at the dynamic opei'ating point. Unless the 



Fig 4-16.—^Exact plate diagram for a pentode with nonreactive load, n, > /4. Con¬ 
ditions of operation such that the average plate current increasoH with excitiition. 


■wave of plate current is symmetrical, the dynamic operating point lies 
either abo've or below the static operating point. 

Equations (3-58) and (3-59) show that, with nonreactive load, the 
instantaneous values of alternating grid voltage and alternating plate 
current are zero simultaneously. The time axis of the alternating-plate- 
current wave must therefore intersect the dynamic load line at a point 





on the diagrarn at which the instantaneous alternating grid voltage is 

Stem^’efbv a r 
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Typical plate diagrams are illustrated by Figs. 4-16 to 4-18. The 
diagram ot lig. 4-16 is for a circuit in which the a-c load resistance 
exceeds the d-c load lesistancCj such as that of Fig. 4-11 or one in which 
the load resistance is coupled to the plate by means of a choke and a 
condenser, as in Fig. 547. The diagram of Fig. 4-17 is for the circuit of 



P ig. 4-12, in which the a-c load resistance is less than the d-c load resist¬ 
ance. Pigurc 4-18 is an example of a pentode plate diagram in which 
the operating poitit is cliosen so that the average plate current decreases 
when the tube is excited. 

Wlien the l>ias is ol)tained by the use of a cathode resistor/ the change 
in bias with tiverage cathode <nirrent results in appreciable reduction in 



the sliift of tlie operating point. A plate diagram for self-bias operation 
is illustrated in Fig. 4-19, in whicli the separation of the points is exagger¬ 
ated for tlic Hitke of (;l(*arneHS. The point 0 lies at the intersection of the 
static load line witli the static chtiractcnnstic corresponding to the static 
bias A/,. The point T lies at the intersection of the dynarxiic load line 
^ Bee Bm. 5-K. 
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with the static characteristic corresponding to the dynamic bias Ec. 
With triodes, Eco == IboRcc and Ee = IbaRcc, where Rcc is the biasing 
resistance. With tetrodes and pentodes the action is more complicated 
than with triodes, since the bias is produced not only by the average 
plate current but also by the screen current, which varies with bias and 
may vary appreciably with excitation. 

It should be noted that dependence of a-c load resistance upon 
frequency causes the slope of the dynamic load line to change with 
frequency. Furthermore, departure of the plate-current wave from 
sinusoidal form increases with amplitude of excitation voltage, so that 
the difference between static and dynamic average plate current also 
increases with excitation amplitude. The form of the plate diagram 
therefore changes with frequency and with amplitude of excitation. 

In graphical analyses of vacuum-tube circuits the average plate 
current Iha is determined from the dynamic load line, from the dynamic 
transfer characteristic derived from it, or from the wave of plate current 
derived from the dynamic transfer characteristic. Since the value of /&« 
must be known in order to locate the dynamic load line, the dynamic 
operating point and dynamic load line must be located by trial. If the 
dynamic operating point is correctly chosen, the average plate current, as 
determined from the dynamic load line or the wave of plate current 
derived from it, must be equal to the current ha at the assumed dynamic 
operating point. Location of the dynamic operating point is greatly 
facilitated by the use of graphical methods of harmonic analysis. For 
this reason it is desirable to study graphical methods of harmonic analysis 
before discussing practical methods of locating the dynamic load line and 
analyzing the plate diagram. 

4-11. Graphical Analysis of Plate Current. —Graphical methods of 
analyzing the plate current of a vacuum tube are based upon the assump¬ 
tion that for sinusoidal excitation voltage the plate current contains a 
finite number of frequency components., or upon the equivalent assump¬ 
tion that the plate current may be expressed as a finite series. If as 
many instantaneous values of current can be determined graphically 
as there are components, or terms in the series, simultaneous eqtiations 
can be set up from which the amplitudes may be computed. A number 
of interesting and useful methods have been developed, which differ from 
one another mainly as to choice of the points of the cycle at which the 
currents are evaluated and as to whether the instantaneous currents are 
measured with respect to alternating current zero or with respect to the 
instantaneous values that would obtain at those instants in the cycle 
if there were no distortion.^ The accuracy and convenience of these 
methods depend upon the manner in which the selected currents are 

^ See bibliography at end of chapter. 
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chosen. The currents may be evaluated at equal time intervals of the 
excitation cycle, as exemplilietl by the method of Lucas; they may be 
evaluated at equal grid-voltage intervals, as in Espley’s method; or 
they may be evaluated at such instants as to give the highest accuracy. 
The advantage of tlio second method lies in the fact that the grid voltages 
at which the current is evaluated may often be made to coincide with 
those of the .static plate characteristics, so that the currents may be read 
directly from the intersections of the dynamic load lino with these static 
characteristics. Chaffee has developed a more general method which 
includes all tlu'ee of these s|iecial methods.* 

In the treatment that follows, it will be assumed that the load is 
nonreactive. The path of operation is tlien a straight line, and evaluat¬ 
ing the current at a given number of points on tlui path of operation is 
equivalent to evaluating at twice that numl)er of instants in the funda¬ 
mental cycle. It will sometimes l)e convenient to differentiate between 
methods of analysis according to the number of instantaneous values of 
current that are used to determine the amplitudes of the fundamental 
and harmonic freciuency components. Thus a seven-point analysis is 
one in which the current is evaluated at seven points of the path of oper¬ 
ation or of the dynamic transfer characteristic, or at 14 instants in the 
fundamental period. 

4-12. Derivation of Formulas for Graphical Analysis.—In the follow¬ 
ing analysis the excitation voltage is assumed to be impressed upon the 
control grid in order to vary the plate current. I’he form of the analysis 
is similar when the excitation is applied to any elee.trode in order to vary 
the current of that or any otlicr ehuitrode. With suitable changes of 
symbols, tlierefore, the ecpiations derived in this section may be applied 
to the analysis of tiro alternating currents flowing in any electrode when 
the excitation is sinusoidal and the load nonreactivo. Since the instan¬ 
taneous altcu'iiating voltage across a nonreactive load is proportional 
to the instantaneous alternating plate cnirrent, tlio CHiuations may also be 
applied to the analysis of load voltage. The use of the ecpiations may, in 
fact, be extended to the harmonic analysis of any quantity that varies 
periodically as tins result of the sinusoidal variation of another quantity 
that is related to the first through a single-valued curve of known form. 

Sulrstitution of tlie sinusoidal voltage sin ut for the excitation 
voltage c; in the series expansion for ip [Eq. (3-40)], gives 

ip ~ (iJHi/m sin ot -j- sitr* wt -f- cisE^m^ sin® u>t 

+ sin^ (4-21) 

which may Ire written in the form 


* CJMA.PFEK, K. L., Itm. ScL Inulrummts, 7, 384 (193(!). 
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ip = ifo + jffi sin o)t — H 2 cos 2o)t — Hz sin + i ^4 cos 

+ H, sin 5oo^ - * - • (4-22) 

in which. Hn is the amplitude of the nth harmonic component of the 
alternating plate current and Ho is the steady component of alternating 
plate current. As previously explained, the time axis of the alternating- 
plate-current wave passes through the point T, and ip is measured with 
respect to the current lu, corresponding to the time axis. The total 
instantaneous plate current is 

4 = ht H~ ip = Ibt + ifo + Hi sin o)t — H 2 cos 2o)t — Hz sin Zoit 

+ Ha cos A(jit + J /5 sin 56 ;^ — • • . (4-23) 

Formulas must be derived for the coefficients of Eq. (4-23) in terms 
of selected values of instantaneous plate current. The accuracy of these 



Fig. 4-20.—Diagram used in the derivatioa and application of Eqs. (4-29). 

formulas for harmonic amplitudes increases with the number of points 
of the fundamental cycle at which the current is evaluated and also 
depends upon the location of these points in the cycle. The variation 
of the instantaneous total plate current with amplitude of a given har¬ 
monic is greatest at the instants at which the harmonic has its crest 
value. Highest accuracy is therefore obtained if the currents used to 
determine the amplitude of a given harmonic correspond to the instants 
at which the harmonic has its crest value. 

In order to explain the method and thus justify the use of the formulas, 
Espley’s formulas will be derived for the simple case in which the third 
and higher harmonics are assumed to be negligible. Under this assump¬ 
tion the alternating plate current may be expressed by two terms of the 
plate-current series. Plate excitation voltage is assumed to be zero. 
The total instantaneous plate current is 

4 = /&f + aiBg 4- 


(4-24) 
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The following relations are apparent from Fig. 4-20: 


•ib = when = Eg^ (4-25) 

ib = I mm when <?„ = —E„m (4-26) 

Substituting Eqa. (4-25) and (4-26) in Eq. (4-24) and solving the result¬ 
ing simultaneous equations gives 

d max dinin jf max “4" Ixaia. ^J-bt (i cM-i\ 

“■ ■ -“Tcr “■- wv' — 

Substituting Eq. (4-27) in the first two terms of Eq. (4-21) and expanding 
sin‘^ (s>t gives 

%b ” 1-hl "b H" -^min 2J!^6^) “4“ ^{,Ima.x -^min) SiU Oit 

-HI max “4" I mill 2Iht) cos 2co^ (4-28) 


The average plate current and the amplitudes of the fundamental and 
second-harmonic components of plate current are 

II0 '4(7niax *4“ I min ““ ^Iht) 

Iha — Ibt Ho = 4~ Imitx + 2/foi) 

Hi = i(Imnx — I min) 

H^ — 'i(,Ima.x 4“ I min ^Ibt) 

It is important to note that Eqs. (4-29) will give sufficiently accurate 
values of steady, fundamental, and second-harmonic components of 
plate current only when higher harmonics are negligible. If the higher 
harmonics cannot he neglected, it is necessary to use formulas based 
upon a greater number of terms of the series expansion for ip. To 
derive equations that include harmonics up to the nth, n terms of the 
expansion are used, and the series is evaluated at n 4- 1 values of instan¬ 
taneous grid voltage. Espley\s method for four harmonics requires the 
determination of the instantaneous plate currents corresponding to 
(^g ^ 4“ I^gmj ” 4“ ‘hHgm>} 6g ^ Oj and Tlhcse 

five values of current will be represented by the symbols h, I^, 

and J-i, respectively. The following expressions give the ampli¬ 
tudes of the components of plate current: 

Iba == HI I 4" 2J^^ 4“ 2/_^^ 4“ l^i) \ 

Hi = Hh + Iii - - /-O / 

112 = Hh - 2ht + hi) > (4-30) 

Ih^Uh-2Iy, + 2h^^-- 

7/4 = — ^lyi 4“ ^lu — 4“ 7-i) / 

Ji, ly^, and hi are determined from the intersections of the dynamic 
load line with the static characteristics corresponding to = Ec 4“ Egmj 
ec = Eo+iEoMj ec — Ec — and ec - Ec — Egm, respectively, as shown 


(4-29) 
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(CmaK f; 



Fig. 4-21. Use of the plate diagram in the application of Kcih. (4-3Ch* 
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in Fig. 4-21. If the static characteristics corresponding to these values 
of grid voltage are not available, the currents may be read from the 
dynamic transfer characteristic, as shown in Fig. 4-22. 

For six harmonics, lispley's method requires that the plate current 
be evaluated at the seven points of the load line or dynamic transfer 


Table 4-1 



h 



J ht 

7 —Ya 


i-i 

Iba 

0.131 

0.295 

-0.105 

0.359 

-0.105 

0.295 

0.131 

//t 

0.2f)l 

0.394 

-0.07 

0 

0.07 

-0,394 

-0.261 

//.> 

0.218 

0.19 

-0,475 

0.133 

-0.475 

0.19 

0.218 

Ih 

0.17() 

-0.141 

-0.246 

0 

0.246 

0.141 

-0.176 

Ih 

0.12 

-0.295 

0.105 

0.141 

5.105 

-0.295 

0.12 

//(. 

0.0(>3 

-0.253 

0.316 

0 

-0.316 

0.253 

-0.063 

//n 

0.032 

-0.19 

0.475 

-0.633 

0.475 

-0.19 

0.032 


characteristic corresponding to = 0 , ± ± ^Egm, and ± Egm, as 

indicated in Figs. 4-23a and 4-236. The coeflicients by which these 
currents must l:)e multiplied are given 
in Tal)le 4-1. To find the amplitude 

of the harmonic listed in any row of / ^ 

this table, the coefficients appearing /T ' 

in that row are multiplied by the 

graphically determined numerical j 

values of the currents listed at the | 

heads of the columns, and added. lyj ill! ^ 

Espley’s equations are convenient ^4—j— 1 .|— 

to use if the instantaneous grid volt- 

ages at which the currents are found —i—j-4—li—j— I -5 

correspond to the given static charac- I -.7 

teristics;but the accuracy, particularly | 1 | 

of the even harmonics, is not tlie j^Tl j | j j j 

highest that may be obtained, since j I | ' j T 

the instantan(M)\is curre.nts do not in I M e | I I 

general correspond to the instants at* j j j j 

whicli the luirmonics have crest values. j e ^ p .----vj j 

Maximum seven-point accuracy in the uj i-^—■H 

evaluation of each harmonic would Fi(L4-24--tJseof thodynainictraiiH^ 

v/'r* 111 ’ • . for charactoriBti (5 in the ai)plicatioTi of 

require a different set 01 seven lUvStan- ( 4 - 31 ). 
taneous currents for each harmonic 

and would therefore greatly increase the work of analysis. The following 


—t-T”tT”r 


-j—I— 


Trrr-tvidt^- 


e I c 


K-— liJ —- 

E CQ 

w_ 


I 

E 1^. I 

-u ?-—^ I 

c I 

- 


Fi<l 4-24.—‘Use of the dynamic trans¬ 
fer characteristic in the ai)plication of 
Eqs. (4-31). 


The following 


equations, in which the currents are evaluated at or near the instants at 
which the harmoniqs have crest values, have five- and seven-point 
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accuracy. The currents must be found corresponding to plus aiwi minus 
0.3, 0.5, 0.7, 0.8, and full grid swing, as shown in Fig. 4-24. If t lie cur¬ 
rents are indicated by the symbols Ii, /_i, /.p, etc., tlie harmonic 
amplitudes are 


Iha = k{Il + 27.5 + 27_.5 + 7_i) 

H2=i{h-2Iu + I-x) ■ 

Hi = ail — 27.5 + 27_,5 — 7_i) 

H, = i(7i - 27.7 + 276, - 27_.7 + 7_i) 

775 = 0.0957i - 0.1977.8 + 0.2077., - 0.2077_.8 

+ 0.1977_.« - 

^ 0.1 (7i ^ 27.8 + 27.3 - 27_.3 + 27_.8 - 1^0 
Hi = Uh - 1-1 -Hi- Hi) 

^■h(71i + 67.3 + 107.6 - 67.3 + 67-.s 

- 107_.5 - 67_.8 


0.0057 


77.,) 


(4-3i) 


These formulas for Ik 



Fig. 4 - 25 .—Diagram showing 
the relation between instantaneous 
currents measured relative to zero 
and relative to ht. 


making graphical analyses. 
Fig. 4-25: 


H2, and Hz are the same as tliose giv(‘ii iiiiclm* Ivifs* 
(4-30). That for Ih may l>o dcaivcHl liy a 
modification of ISspley^s mcd tux! or liy t hut 
of Chaffee, under the asHumptioii ihiit 
sin 45® = 0.700. Those for //& aiKi Hi 
may be derived by .Espley^s or 
method for seven points. 

Sometimes it is convenient or naeexi^iiry 
to measure the instantaneoiin alternating 
currents (with respec^t to tlu^ (nirrcmt; eor- 
responding to the time axis /^i), rntlier 
than the instantaneous total (airreiitSi in 
The following relations are aiiparerit fmiri 


h - Iht + il ' 

hi = Iht + il/, J„1 == 


(4^ 


in which the lower-case symbols indicate currents rneasun^d relative 
to lu. By means of Eqs. (4-32), Eqs. (4-30) may be transformed into 


ha - i(ii -f 2i^ -f QTu — 2i. ,.4 - 7 „,) 

Hi = i(,ii -I- +• i_y^ + 7_,) 

Hi = -1(71 — j_i) 

Hi = -Kfi — 2i^ — -f i_i) 

Hi = t^(7i — 47^ -f 47 _j 4 — 7_i) 


(4-3S) 


If the dynamic transfer characteristic is symmetrical about then 
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ii = i^i and and Eqs. (4-33) reduce to 

Iba = Ibt ^ Iho Hi = |■(^l + iy^) ] . 

H, = i/4 = 0 Ih = -K^1 - 2iy) j 

In a similar manner, for a symmetrical dynamic transfer characteristic, 
the seven-point equations corresponding to Table 4-1 become 

Ih 
Ih 
Ih 
Ih 

For a symmetrical characteristic, Eqs. (4-31) are 

Ih = + 6 i .8 + lOif) — 6i.3) ) 

i/g = — 2t.f,) > (4-36) 

Ih> = 2^.8 + 2 ^. 3 ) J 


= Ih == Ih = iie = 0 
= 0.522ii + 0.7874f, - O.Hl^,^ 
= 0.351ii - 0.28UV. ~ 0.492t^., 
= 0.127ii - 0.506t.., + OMZiy, 


Equations (4-34), (4-35), and (4-36) show that with symmetrical dynamic 
transfer characteristics the dynamic and static operating points coincide 
and the even harmonics are zero. ^ 

These ecpiations will be found useful ^ 

in the analysis of amplifiers, 

which will be defined in Chap. 6 . 

The dynamic transfer characteristics 
of push-pull amplifiers are of the GHd vol+a^ 
form shown in Fig. 4-26. lu is seen 
to be zero in this case. 

4-13. Choice of Equations.— The 
choice of the ecpiations to l)e used in 
a |)articular analysis depends lai’gely 
upon tlie accuracy rcHiuired and upon 
the convenience of application. The 
numl)er of static*, plate characteristics 
i,nt(u*sected l:)y tlie load line may be 
such as to make it convenient to 
ai)ply a seven-point analysis when five-point accuracy is sufficient. For 
very liigh accmraciy, or in tlie determination of a large number of har¬ 
monics, some form of ^^schedukd^method of analysis may have tobeused.^ 

4-14. Field of Application of Equations for Harmonic Analysis— 
As pointed out at the beginning of Sec. 4-11, the development of the 
equations of Se(5s. 4-11 and 4-*! 2 was made for the special case of excita- 



4-20,“'" Byrninotrical wave of 
plate (airreiit produced when the tranfer 
characteristic, is syinmetrical. 


^ Malti, M, G., ^q^lectric Circtiit Analysis,'' p. 188, John Wiley & Sons, Inc., 
New York, 1930; Knkiut, A. R., and Feto, G. H., ‘‘Introduction to Circuit Anal¬ 
ysis/' Cdiap. 14, Harper & Brothers, New York, 1943, 
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tion applied to the control-grid circuit in order to vary the pliit e eiirreiii 
By suitable changes of symbols the equations may he ep|>lkal ic» tla* iiimh 
ysis of the current or voltage of any other cdcci rode or ot any i|ntiiitity 
that varies periodically as the result of the sinusoidal variat ion ot an- 
other quantity related to the first through a Hinglt^-valnetl etiive of 
known form. 

4-15. Significance of Algebraic Signs of Numerical Values of Current 
Components.— It should be noted that the algelu’aie sign of t lie 
of a particular harmonic may turn out to be either |K>siti\a^ or negative. 
The significance of the algebraic signs is indicated l)y (4-22), A 
reversal of sign merely indicates a 180-degree shiit iti tln^ c ii given 

harmonic. If the amplitude is positive, the harnionie iitldH ti) the fim- 
damental at the instant when the, fundamental has its positivi! cTf*»t 
value; if the amplitude is negative, the harinonit* siilitraetH from tlii 
fundamental at that instant. 

4-16. Nonsinusoidal Excitation Voltage.—^The formulas for liiiriiionic 

content developed in this chapter are all based u|)on tin* asHumpt ion thiit 
the alternating grid voltage is sinusoidal. They are not, thendore, of 
value in analyzing the alternating plate current wiuni the grit I vollngii 
is not sinusoidal. It is possible, however, to eonstruet* a wavi^ of plata 
current by means of the dynamic transfer characterist ic' and to iiiMily* 
it by well-known methods of wave analysis.^ 'This neglects tin! fact lliiit 
the a-c load resistance and slope of the load line may la^ ditlVrcnit. for <au4t 
input frequency component. An approximate analysis may Im* made 
under the assumption that the components of the wa-vc* of plate ciirnmt 
are the same as would be obtained if the various cKunpoiKmtH of the grid 
voltage were applied separately and the corresponding outjmt com¬ 
ponents added. This would be valid if there wtvre no iidc'rrriocitilniiotn 
It gives no indication of the intermodulation frequcn(‘i(‘H anti la^glects tiie 
fact that the dynamic operating point is different for each c(nri|iorieiil 
than it would be for the resultant grid voltage. Ordinarily, iirlec|istita 
indication of the performance of the tube and circnat, may l>c iilitiiitiecl 
by graphical methods based upon sinusoidal excitation, witli full excita¬ 
tion voltage. 

4-17. Mechanical Aids to Harmonic Measurement.— Beiih‘s itiiit 

make possible the direct reading of percentage Becond aiul third luirmniiic 
have been described by D. C. Espley and L. I. Farrcn.^ 41n»se sciilcs, 
which are based upon a five-point analysis, are particailarly uscd'iil %v}iaii 
a large number of graphical determinations of harmonic content mnst 
be made. 

1 Moullin, E. B., mVeZm Eng., 8, 118 (1931). 

2 Parben, L. I., Wireless Eng., 11,183 (1934); Sakiiaciikk, It. !.„ 
Eleciromes, December, 1942, p. 52. 
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4-18. Percentage Harmonic and Distortion Factor.^ —The per¬ 
centage of a given harmonic is defined as the ratio of the amplitude of 
the harmonic to the amplitude of the fundamental, multiplied by 100. 
Thus, if harmonics above the second are negligible, Eqs. (4-29) indicate 
that the second harmonic percentage is 

Percentage Ih = x 100 (4-37) 

-"V-*H)ax -I min) 

The relative importance of different harmonics in producing audible 
distortion of speecli and music depends to some extent upon the funda¬ 
mental frequency. A given percentage of harmonic is in general more 
objectionable the higher the order of the harmonic. High-order har¬ 
monics result in unpleasant sharpness of tone or a hissing sound. Actu¬ 
ally, however, the intermodulation fnx|uencies, rather than the harmonics, 
are largely responsil:)le for the disagreeable effects. The principal 
reason for this is that the intermodulation frequencies are in general 
inharmonically related to the impressed frequencies. A second reason is 
that some of the intermodulation frequencies corresponding to impressed 
frequencies near the upper end of the audio-frequency band may fall 
near the center of the band, whereas the harmonics fall outside of the 
band. The amplification of succeeding amplifiers and the sensitivity 
of the ear may be greater to these mid-band intermodulation frequencies 
than to the impressed frequencies. 

For a given value of maximum grid swing, the amplitude of a sum- 
or difference-frequency component a>ssociated with any term of the 
series does not exciced that of the corresponding harmonic produced 
when a single fret|uency is applied. The harmonic; amplitudes at a 
given grid swing may, therefore, be used as a measure of distortion. 
A fairly satisfactory ind(;x of audible distortion is the distortion factor, 
which is defined by the equation 

, = (M8) 

Hi 

Distortion factors up to al)Out 0.05 are ordinarily not objectionable, 
and considerably larger values arc frequently tolerated. Specific values 
will be discussed in ( Jliai>s. 6 to 8. 

4-19. Practical Procedure. Location of Load Line. Harmonic 
Determination.— If the position of the static operating point is not 
known, the first step in the construction of a plate diagram is to locate 

1 Masba, :Feank, Proa. LR.E,, 21, 6B2 (1933); Federal Radio CJornmission Rules 

and Regulations, Secs. 103, 139; Kabon, 0. H, W., Radio Eng,, 13, 20 (1933); Geai^- 
FUNDFUt, W., Klken, W., aiid Wehnekt, W., Fjleclrordas (abst.), November, 1935, 
p, 48; Bartlett, A, (b, Eng,, 12, 70 (1935). 

2 Massa, F., EleHronics^ September, 1938, p. 20. 
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the static operating point by the method explained in Sec. 4-5. The 
dynamic operating point must then be determined l)y trial and the 
dynamic load line drawn. There are several ways of making use of 
graphical methods of harmonic analysis in locating tlui dynaniic oix’-rating 
point. The most obvious consists in guessing the location of the dynamic 
operating point^and dm^^%a tentative dynamic load line tlirough 
this point. ^JBy m^fi##'this tentative load line or the dymimic*. tninsfer 
characteristicfrom it, ha is determined by nutans of Ec|s. 
(4-29), (4-30), or (4-31), or Table 4-1. If the computed value ofjha is e<|iia! 
to the value at the assumed dynamic operating point, the asHunied |>oint 
is correct. If the computed value exceeds the value at the assumed 



point, the point should l)e raised; if tM 
I ' computed value is less tlian value 

at the tentative dynamic operating 
point, on the other hand, tlie j>oiTit 
should be lowered. The {>roce<lure is 
repeated until the assumed and ctom- 
puted values of lu agree. It is some¬ 
times of help toplota(nirv(H)f (uimpiitec 
against assumed Tlie two valiies 
-uu ®b will be equal at the |)oint at which 

Fig. 4-27.—Diagram showing a curve intersects a 45-degree line 

the origin (cqxuil «caleH being 

used). 

A very simple construction, illustrated in Fig. 4-27, is helpful in 
locatmg the dynamic operating point.i A tentative load line is drawn 
through the static operating point or through a tentative dynamic 

computed by meanK of 
formulas. A point A„ is then located on the tentative 
ti corresponding to this point is 

Zlmte ® ^ approximation to the correct 

liSTd Z T. n intersection of the static load 

and the static plate characteristic through A„. d’he correctness of 

S.ZXe‘cr7 "f* ’““'■'I 

5^™ ' r. “"’’"V from the new dynemie l„„,l 

^ necessary, tne procedure should be repeated. 

point is comnhcated^r^’+i!^^ Process of locating the dynamic operating 
Mafin locatiS^^^^^ tne necessity of using the dynamic ialue of 
nf r++i 1 ? ^ construction shown in Fig 4-27 is then 

Of r wjtrr Shtr 

“ SeTSTis’ (1931). 
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pentodes, the graphical analysis involves so many, factors, including 
dependence of screen current upon bias and excitation, that it is usually 
simpler to make laboratory measurements. The graphical location of 
the operating point may be simplified somewhat by assuming that the 
screen current is not affected by the change in bias, or that the variation 
of screen current with bias is proportional to the variation of plate current. 

When the dynamic operating line has been located, the funda¬ 
mental and harmonic components of alternating plate current or voltage 
may be determined by application of graphical formulas. 

Voltage amplifiers and triode power amplifiers are ordinarily used 
in such a manner that the steady component of alternating plate current 
does not exceed 5 per cent of the amplitude of the fundamental com- 
|)onent. Wlien this is so, it is usually not necessary to go to the trouble 
of locating the dynamic operating point, sufficiently accurate results 
l)eing ol)tained from a load line drawn through the static operating point 
as in Fig. 4-15. Kilgour has shown, however, that considerable error 
may result when this approximation is used in the analysis of power pen¬ 
tode amplifiers.^ 

4-20. Operating Point for Tubes with Filamentary Cathodes. —In 

obtaining the data for the static characteristics of a tube with a filamen¬ 
tary cathoch^, the filaments are always operated on direct voltage, and 
the grid and plate voltages are measured with respect to the negative 
end of tlie filament. When such a tube is operated with alternating 
filament voltage, the grid and plate (urciiits are connected to the filament 
through a center tap on the filament transformer or through a center-tap¬ 
ped resistor shunting the filament (see Sec. 5-13), and the operating grid 
bias is si)e(nficd with res|)cct to the center tap. Under d-c operation the 
grid is negative with respect to the center of the filament by half 
the filament voltage, and so the same plate current is obtained wheix the 
grid bias is lower than under a-c oper-ation, Therefore the numerical 
value of bias usckI in locating the ofjeratiug point graphically under a-c 
operation sliould l)e less than the voltage specified or applied between 
the grid and curnter of tlu,^ filament by one-half the filament voltage. In 
familic’isof plare (dianujteristics furnished by tul)e maimfacturers the static 
(diaracteristic corresponding to specified ot)erating voltages with respect 
t.(> the center of the filament is often shown as a dotted cairve. The fila¬ 
ment voltage is ordinarily so much smaller than the plate voltage that no 
e-orrection need be made in plate voltage in locating the operating point. 

4-21. Graphical Determination of Power Output.-'-Ordinarily only 
the fundamental power output is of importance. This is 

1 Kilgour, C. E., Proc. LICE,, 19, 42 (1931). 

^ For a discussion of the (loiemnnation of power output in circuits using alter¬ 
nating plate supply voltage, see W, A. Sebwaissmann, Electronics^ August, 1943, p. 94. 
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— (0.707Hi)^rh = (4-39) 

where Hi is the graphically determined value of fundamental plate- 
current amplitude. If harmonics higher than the second can be negloeted, 
the fundamental amplitude given by Eqs. (4-29) is a close approximation. 
The corresponding equation for fundamental power output is 

Po = i(/n... - (4-40) 


But since the slope of the dynamic load line is l/i/> it can be setm ftoin 
Fig. 4-20 that (/»« — Imm)rh = Pma.* — 



Fig, 4-28.—Use of the plate diagram and the static ic-^Ch characterintica in tho g;rtn>hifml 
construction of the dynamic grid characteristic. 

Therefore Eq. (4-40) may be transformed into 

. Po = i(/ma. - Imln) ^ J (4-4 1) 

This is equal to one-eighth of the area of the rectangle KMLN in Fig. 
4-20. 

4-22. Dynamic Grid Characteristics.—The grid current c()rres|)<>iicling 
to a given value of grid voltage depends upon the plate voltage. When 
load is used in the plate circuit, the plate voltage varies with grid voltage 
in a manner that is determined by the load impedance. Therefore^ the 
form of the curve of grid current vs. grid voltage varies with thc^. load 
impedance. Figure 4-28 shows the method of deriving a dynamic? grid 
characteristic for a given plate load from the curves of % and ic vs. 

For a given value of grid voltage the intersection of the load line witli 
the plate characteristic for that grid voltage determines the corresponding 
value of plate voltage. The grid current at this plate voltage is tlum 
read from the static 4-ej characteristic for the given grid voltage. The 
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dynamic grid-current cnive is drawn by plotting values of ic, determined 
ill this manner, against Cc. Thus in Fig. 4~28 the plate voltage correspond¬ 
ing to a grid voltage of 25 for the given plate load resistance is 50 volts. 
At = 50 volts, the grid-current curve for Sc = 25 volts indicates a 
grid cuiTcnt of 19.5 ma. These values determine one point on the 
dynamic grid-current characteristic. 

When the grid is allowed to assume positive voltages and the grid 
circuit contains appreciable impedance^ the instantaneous voltage 
of the grid will he less than the applied excitation voltage by the imped¬ 
ance drop. This will cause the wave form and phase angle of the grid 
voltage to differ from those of the grid excitation voltage. The effects 
of the resulting grid-circuit distortion 
from the characteristic curves will be 
discussed in Chap. 8. 

4“23. Starting and Stopping Tran¬ 
sients.—In a circuit of the type shown 
in Fig. 4-11, the average plate current 
cannot increase instantaneously from 
/to to /to. Because of inductance in the 
primary of the transformer there will 
always be transient conditions justafter 
the voltage Vn is applied or removed 
from the grid circuit. When the volt¬ 


and methods of determining it 



age is first applied, any tendency for the ^ Fh;. 4-29.^;-i)iagram Hhowing tiiu 
steady plate current to iruvreasc results Hiontsupon tlio Biuft of tho operating 
ill the production of an induced voltage i*'’"'*'" 

—L{dlb/dt), in the prirmiry of the transformer. This voltage opposes the 
plate supply voltage, producing an effect equivalent to a reduction of the 
supply voltage to a new value Etn, — L{dh/dt). The static load line is 
shifted to the left Huffi(5ientl.y so that the current ItJ of the transient 
dynamic operating point A' is equal to the initial steady current This 
is illustrated in Fig. 4-29. The average current immediately starts to 
increase exponentially, and points A' and T approach their steady 
positions A and 7'. When is removed from the grid circuit, an induced 
voltage is ad<leil to A’l,* of sufficient magnitude to give a new static 
operating point <)”, for whiiih hJ' is equal to Iba- The plate current 
immediately begins to decrease, and 0" moves down the static character¬ 
istic for Co = Be, eventually reaching 0. The capacitance in the circuit 
of Fig. 4-12 also results in transients. Any increase in the steady com¬ 
ponent of plate current increases the steady IJR drop through Ri and thus 
unbalances the voltages in the branch containing C, which in turn causes 
charging current to flow into C until the increase in condenser voltage is 
equal to the product of Mi hy the increase in steady plate current. This 
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charging current in effect diverts a portion of the })lat(» current from 11 % 
so that, while C is charging, the drop through Hi is hws tlian its final 
value. The result is the same as though Ri w'ere sluint(‘<l during tlia 
transient time by a resistance that increased ex[)oiKmt iall>'' from aii 




Fig. 4-30.—Diagrams for Prob. 4-1. 


To™ “‘T , di.K™m tl,i» i, 

Not only « «. tmnHiont 

tains riotonce hut ^ ^ Pl>te cuTOut when the loud mu¬ 

st ^tolance, but there IS also m general a transient for each frequenry 
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contained in the plate currents These transients may under certain 
conditions prove to be very undesirable in oscillographic work. 


Problems 

4-1, a. Construct the equivalent plate circuits for the circuits of Pig. 4-30, 
indicating the jissumed polarities of all impressed and equivalent voltiiges. 
h. Write th(^ network equations for the equivalent circuits. 

c. Exprc^ss El, as a summation of voltages between the cathode and the grid. 

d. Form tlie parallel equivalent plate circ\iits (see Appendix, Sec, A-1). 

4-2. a, ( k)nHtruct the eciuivakmt second-grid circuit for the circuit of Fig. 4-31. 
h. Write tlie expression for Eyz in terms of Fya, /v, and (7,.. 

4-3. a. (Vonstruct the equivalent plate circuit for the (vircuit of Fig. 4-32. 




h. By nuians of the ecpiivalent circuit derive an expression for I in terms of E and 
thus show that tlu^ c*,ir(mit acts like an admittance of value 



_ '■(1+ m) + »> — i/«(' 

(4-42) 

c. Show that wln^n fxr is large in comparison with rp the e.ircuit, acts like a resistance 
in parallel with a reactance .c,. whose values are 


+ 1) 

'' r^CVCI 4- m) + i 

rCa + l/rC« 

. -. ■■ . 

{hn 

(4-43) 

(4-44) 

d. Bhow t.liat when 

rCca is large, Flip (4-43) redu(i(»s to 



1+M 

(4-45) 


4-4, a. Making us(^ of th(^ similarity between the equivalent circuits of Probs. 4-2 
and 4-3, write? (uiuations (npiivalent to Jkis. (4-43) and (4-44) for tlie circuit of Fig. 
4-31. 

h. Tlie currtmt to the secumd grid in Fig. 4-31 increases with a positive increment 
of second grid voltage, whi(‘.h is positive, Vmt (leereas<?H with a positive increment of 
third grid voltage, wlnxdi is negative. Making use of this fact, show that the effective 
paiidlel r(?sistan(H? lielwcHm A and B may l)c negative, and that the effective parallel 
reactamu? nuiy lie indindivc?. 

(\ Bliow tliat, whtai n is hirge in conqiarison with the minimum value of 
ntxgativ(? resistama* is equal to + Maa) and that the negative resistance 

approaches tliis vidue when the resistance is large in comparison with the reactance 
of (/. 

1 Jackson, W., FhiL Mag,, 13, 143, 735 (H)32). 
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4-6. a. By means of the equivalent plate circuit, sliow that (‘itective ri'nistanea 
between points A and B of Fig. 4-ZOj is equal to^ 


2rp rh __ 

Tp “h n(i - /a) 


(4-4B) 


6. Determine the condition that makes re negative. 

4-6. a. Under the assumption that Zb is a pure resistance and that the rea(*tanee« 
of Cgp and Cpk are very high in comparison with the load resistance eomitmi the 
vector diagram for the circuit of Fig. 4-7 at a frequcnciy sufiici(vutly low so tliat 
electron transit time need not be taken into consideration. Show vendors for Lg,, Ipf 
Ezb, the resultant voltage Eg — Egb impressed upon Cgp, and the ciirnuit 1% into 
Note that the condenser current is purely capacitive relative to hg, 

b. Bepeat (a) for a load having zero resistance and a capacitive rcactanct^ NtJta 
that the condenser current has a component that is conductive and a coin|)oncnt that 
is capacitive relative to Eg. 

c. Repeat (a) for a load having zero resistance and an indiud ive redact aiu'c. Note 
that the condenser current has a negative conductive component and a. (uipaeitiva 
component relative to Eg. 

d. Bepeat (a) for a nonreactive load at a frequency so liigh that (dtadiHUi trarmit 
time causes the plate current to lag the grid voltage. Note that tlu^ vinidemer 
current has a conductive component. 

4-7- a. Construct the approximate plate diagram for a type 45 t\il)e when 
Ebb ~ 280 volts, Be — —50 volts, Rb = 500 ohms, and n =* 3833 oIuuh, 

h. Derive a dynamic transfer characteristic from the plate diagram. 

4-8. If the static operating voltages of a type 45 tul )0 are Eh„ m 240 volti4» 
Ee — —50 volts; the plate supply voltage is 250 volts; and the a-c load ri^nistanee is 
5000 ohms, 

a. Find g, and gm at the static operating point. 

h. Find the d-c resistance of the load. 

c. Construct the approximate plate diagram. 

d. Find the amplitudes of the fundamental and second-harmonic cornpomvtitH of 
plate current at grid swings of 50 volts and 40 volts. 

e. Find the fundamental power output at grid swings of 50 voltH and 40 volts. 

4-9. a. Locate the dynamic operating point and dynamic load lint^ for a type 

2A5 tube connected as a pentode and operated with a load that has a iUv roHintanea 
of 300 ohms and an a-c resistance of 5000 ohms. Eba = 250 volts, IL « - 15,0 volts, 
and Egm ~ 15,0 volts. (Note that the third, fourth, and fifth luirmoni(*s cannot ba 
neglected.) (Seq,p. 62 for 2A5 characteristics or, preferably, refer to a tulx^ inanuid.) 

h. Find Hi, H,, Hz, and Hz, 

c. Find the required B-supply voltage. 

d. Find the fundamental power output. 

e. Find the harmonic amplitudes and the power output under tlK** Jissumpt ion that 
the operating point does not shift when the tube is excited. 

4-10. Bepeat Prob. 4-9 for self-biased operation, assuming that tlu^ screen cur¬ 
rent remains constant at 6.5 ma. Eco = —15.0 volts. 

1 Stewart, J. A., “The Roberts Neutralizer Circuit” (Badiolor’s theniK), Purduo 
University, June, 1935. 

^ Since an increase of plate current causes the plate end of the load impedance 
to become more negative relative to the cathode end, and is assumed to Ixs measured 
relative to the cathode end, Ea, = -I^n. Hence the direction of li.,, is opposite to 
that of E„ and the direction of Eg - is the same as that of Eg. 
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4-11. A type 53 tube is used with a pure resistance load of 1000 ohms and 
plate supply voltage of 120 volts. Construct the corresponding dynamic grid 
characteristic. 
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CHAPTER 5 

AMPLIFIER DEFINITIONS, CLASSIFICATIONS, AND CIRCUITS 

■ The many applications of thermionic electron tubes may be divided 
into amplification, modulation and detection, generation of altermiting 
voltage, power rectification, current and power control, and measure-* 
ment. The subject of amplification will be treated in this and tlie 
following three chapters. The purpose of the present chapter is to 
define terms that must be used in the discussion of amplifiers, to classify 
different types of amplifiers, and to show basic circuits of ainplifiers. 
Chapters 6 to 8 will deal with the characteristics and the design of 
amplifiers. 

6-1. Signal. —The term signal is applied to any alternating voltage 
or frequency impressed upon the input of an amplifier or other four- 
terminal network. It is also applied to the resulting fundamental 
components of output voltage or current, as distinguished from harmonic 
or intermodulation components. 

6-2. Amplifiers. —An amplifier may be defined as a device for increas¬ 
ing the amplitude of electric voltage, current, or power, through the 
control, by the input, of power supplied to the output circuit by a local 
source. A vacuum-tube amplifier is one that employs vacuum tubes to 
effect the control of power from the local source. 

Amplifiers are but one type of the general four-terminal network. 
Other types include the transformer and the filter. Wherever posHil)le, 
the definitions and discussions given in this chapter are worded so as to 
apply also to other four-terminal networks. 

5-3. Amplifier Distortion. —If an amplifier, or other four-terminal 
network, is distortionless, the application of a periodic wave of any form 
to the input terminals will result in the production of an output wave 
that is a replica of the input wave. In general, such a periodic wave will 
consist of a fundamental and one or more harmonies. In order that tlie 
output wave form shall be identical with that of the input, tlirec condi¬ 
tions must be satisfied: (1) The output must contain only the freciiierudes 
contained in the input. (2) The output must contain all frecpiencicB 
contained in the input, *and the relative amplitudes of the various com¬ 
ponents must be the same as in the input. (3) If any component of the 
output is shifted in phase relative to the corresponding component 
of the input, all components must be shifted by the same number of 

124 
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electrical degrees of the fundamental cycle of that component. Examina¬ 
tion of a fundamental wave and its Tzth harmonic shows that (3) is 
equivalent to saying that the phase shift of the nth harmonic, measured 
in electrical degrees of its own cycle, must be either n times the phase 
shift of the fundamental or an integral multiple of 180 degrees. This can 
be true only if the phase shift for sinusoidal input is either proportional 
to the frequency, or zero or 180 degrees at all frequencies.^ Failure to 
satisfy these three conditions results in three corresponding types of 
distortion: nonlinear distortion (amplitude distortion), frequency dis¬ 
tortion (frequency discrimination), and phase distortion, any one of 
which alters the wave form of the output relative to that of the input. 

Nonlinear distortion (amplitude distortion) is the generation in an 
amplifier or other four-terminal network of frequencies not present in 
the impressed signal. It is usually associated with a nonlinear relation 
between output and input amplitudes. In vacuum-tube amplifiers 
it is the result of curvature of the dynamic tube characteristics. The 
generation of harmonicas and intermodulation frequencies was discussed 
in Chap. 4. A nonlinear relation between the output and input ampli¬ 
tudes when tlie dynamic transfer characteristic is curved is predicted by 
the fact that the third and liigher odd-order terms of the series expansion 
for plate current [Eq. (3-56)] give rise to fundamental components of 
plate current, tlie amplitudes of which vary as the cube or higher odd 
power of the excitation voltage. For this reason, unless the coefficients 
of all odd-order terms of the series are negligibly small, the voltage, 
current, and power output are not proportional to the exciting voltage. 
Nonlinear distortion is objectionable in the amplification of speech and 
music mainly l)ecause intermodulation frecpiencies are in general inhar- 
monically related to the impressed frequencies and, therefore, produce 
unpleasant discords.^ Although it is the inliarmonic intermodulation 
frequencies, ratlier than the harmonics, that are objectionable, nonlinear 
distortion is most readily measured and specified in terms of the distor¬ 
tion factor, defined in Sec. 4-18. Nonlinear distortion can be minimized 
by proper choice of tubes, load impedances, and operating voltages, and 
by avoiding too high excitation voltage. 

Excessive nonlinear distortion may occur when the exciting voltage 
and grid bias are such that the normal range of operation on the dynamic 
transfer characteristic is exceeded. Figure 5-1 shows how improper 
choice of grid bias or the xise of excessive excitation may result in the 
flattening of one or both peaks of the wave of alternating plate current. 
A similar flattening of the positive peak may result from the flow of grid 

1 Fry, T. C., Physik. Z., 23, 273 (1922). 

^ Bartlett, A. Cl, Wirdess Eng., 12,70 (1935); Barrow, W, L,, Phys. Rev., 89,863 
(1932); Espley, D. (1, Proc. I.E.E., 22, 78 (1934). 
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current. In the circuit of Fig. 3-18, the flow of grid current through the 
grid-circuit impedance Zc causes the instantaneous alternating grid 
voltage eg to be less than the instantaneous grid excitation voltag(‘ Vg 


ib 



Fig. 5-1.—Distortion, of 'waves 


during the time in 'wliicli the grid is posi¬ 
tive. In the circuit of Fig. 5-2, the 
flow of grid current tg during tlie portion 
of the cycle in which the grid is positive 
increases the current i that flows tliroiigli 
the source of input voltage. If the source 
contains appreciable series impedanc^e, as 
it may have in many amplifier circuits, the 
resulting increased impedance drop) during 
this part of the cycle reduces the alter¬ 
nating grid voltage below the value it 
would have if the grid did not (conduct. 
Flattening of the peaks of altermitiiig platen 
current as the result of cx(*,essive grid 
excitation voltage is called (mrloadwg. 
Flattening of the plate current ixuiks is an 
indication of the generation of luirnionics 
and intermodulation frequencies of largo 
amplitude. 

Frequency distortion in an amplifier or 
other four-terminal network is tlie vuidation 


of plate current as the result of of amplification or SCnSltiv^itV Wltfl frc- 
overloading. _ 

quency ox the impressed signal. In a 
vacuum-tube amplifier it results from dependence of circuit and intcr- 
electrode impedances upon frequency. ^ It can be minimized l>y iiroper 
design of input, output, and interstage cou¬ 
pling circuits, being least in amplifiers in 
which the circuits do not contain reactance. 

The difficulty of preventing frequency distor¬ 
tion increases with the width of the frequency 
band for which the amplifier is designed and 
with amplification per stage. Although fre¬ 
quency distortion may not produce disagree- 

;able effects in the .am-plification of music it ourreiit. when tho 

•_ • 1 Ti ^ grid IS |:)()!sitive. 

impairs fidelity of tone and m.ay prevent the 

reproduction of the sounds of some instruments. By eliminating' the 
high, frequencies essential to the reproduction of consonants, it may 
make reproduced speech difficult to xmderstand. 



Pig. 5-2.—Divin'Mioii of 
current from llic ffrid-eirciiit 
impedance the renult uf 


lAt ultrahigk-frequeney electron transit time also causes trequenev and pliaso 
distortion, i j r 
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Phase distortion is the shifting of the phase of the output voltage 
or current of an amplifier or other four-terminal network relative to the 
input voltage or current by an amount that is not proportional to fre¬ 
quency. like frequency distortion, it results from the reactance of 
electrodes and circuit elements and can he made negligible by designing 
the coupling and other circuit elements so that the reactances have 
negligible effect throughout the desired frequency range. ^ This causes 
the phase shift to approximate zero or 180 degrees throughout the fre¬ 
quency range. Because phase distortion usually cannot be detected by 
ear it is ordinarily the least objectionable type of distortion in the 
amplification of sound. It is objectionable, however, in the amplification 
of television signals and in the use of amplifiers in the oscillographic 
study of voltage and current wave form. 

Since the variations of amplification and of phase of the output voltage 
of an amplifier with frequency are both caused by tube and circuit 
reactances, the phase of the output voltage is ordinarily constant through¬ 
out any range of frequency in which the amplification is constant. 

It is of interest to note that the human ear has both noticeable non¬ 
linear and frequency distortion. 

6-4. Amplifier Classification. —Vacuum-tube amplifiers are commonly 
classified in four ways: (1) according to use, (2) according to circuits, 
(3) according to frequency range, and (4) according to the portion of the 
cycle during which plate current flows. 

Voltage, Current, and Power Amplifiers. —When classified as to 
type of service, amplifiers are termed voltage, amplifiers, current amplifiers, 
or power arnplijicrs, depending upon whether they are designed to furnish 
voltage, current, or power output. The effectiveness with which a 
voltage amplifier accom|)liBhes its function is indicated by its voltage 
anvplijication. Voltage aniplijication is the ratio of the signal voltage 
available at tlie output terminals of an amplifier, transformer, or other 
four-terminal network, to tlie signal voltage impressed at the input 
terminals. It will be represented by the symbol A. Methods of 
measuring voltage amplification are discussed in Sec. 15-41. 

Current amq)Ufi,€Mion is the ratio of the signal current produced 
in the output circuit of an amplifier, transformer, or other four-terminal 
network to the signal current supplied to its input circuit. The effective¬ 
ness with whicdi a current amplifier accomplishes its function may some¬ 
times be specified l)y its current amplification, but usually the input 
impedance is so high that this term has no useful significance unless the 
input is slumted by a specified impedance. The performance can be 
indicated better l)y tlie current sensitivity, wliich is defined as the ratio 


S(‘,o footnote, p. 12(5. 
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of the signal c.urrent produced in the output circniit of an amplifier or 
other four-terminal network to the signal voltage impressed at the input 
terminals. Current sensitivity is measured in mhos. 

Power am'plification is the ratio of the power delivered to the output 
circuit of an amplifier, or other four-terminal network, containing a 
source of local power, to the power supplied to its input circuit. Becaiise 
of the high input impedance of many types of power amplifiers, this 
term may have no useful significance unless the input is BlnuitcMl t)y a 
specified impedance. It is usually better, therefore, to spcarify the 
performance of a power amplifier by its power sensitivity, which is definecl 
as the ratio of the signal-frequency power delivered by the output circuit 
of an amplifier or other four-terminal network containing a local sources of 
power, to the square of the effective.value of the signal voltage inix)ressecl 
at the input terminals.^ Power sensitivity is measured in mhos, 

A Jr eqmncy-response characteristic is a graph that relates the amplific,a- 
tion or sensitivity of an amplifier or other four-terminal network with 
the frequency of the impressed signal. The term is usually ap|)liccl 
to a graph of voltage amplification as a function of frecitumcy of the 
impressed signal. 



In amplifiers designed to furnish voltage output, all stages, including 
the final one, should be voltage amplifiers. In amplifiers dc^signcul to 
furnish power output, on the other hand, the last stage must be a power 
amplifier. All other stages are voltage amplifiers unless the final power 
tube operates in such a manner that grid current flows during j)art of 
the cycle, in which case the next to the last stage must also be a |)ower 
amplifier. The theory and, characteristics of voltage, current, and 
power amplifiers will be considered in Chaps. 6 to 8. 

5-6. Amplifier Circuits.—The classification of amplifiers according 
to circuits is based upon the number of stages, upon the type of eircHiit 
used to couple successive stages, and upon whether eaek^ stage uses a 
single tube or a symmetrical arrangement of two tubes. The coupling 
circuit serves a dual function. It converts the alternating plate current 
of one tube into alternating voltage to excite the grid of tlic following 

^Balljantine, STiuA-Bv, Proc.J,E,E., 18 , 452 ( 1930 ). 
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tube; and, by preventing application of direct plate voltage of one tube 
to the grid of the following tube, it allows the proper operating voltages 
of all electrodes to be maintained. There are three fundamental types 
of coupling: direct couplingj impedance-capacitance coupling, and tram- 
former coupling. 

6-6. Direct Coupling.—A direct-coupled amplifier is one in which 
the plate of a given stage is connected to the grid of the next stage either 
directly or through a biasing battery. Basic circuits of two-stage 
amplifiers with direct coupling are shown in Figs. 6-3 and 5-4. The 
biasing battery adjacent to the grid of the second tube in the circuit of 
Fig. 5-3 is necessitated by the fact that the plate of the first tube is 
positive relative to its cathode, whereas the grid of the second tube 
must be negative i^elative to its cathode. The need for this battery is 
avoided in the circuit of Fig. 5-4 by making the cathode of the second 
tube positive with respect to the cathode of the first tube. The voltage 
of the cathode of the second tube in Fig. 5-4 is adjusted so that the 
voltage between p and q is less than the drop through Zm by the required 
grid bias of the second tulxn 




5-6.—I)irtH;t-coui)l(Hl anipUrierH with a source of B and C voltages. 

The several voltage sources of Fig. 5-4 may bo replaced by a single 
voltage source and a voltage divider^ In order to prevent the applica¬ 
tion to the grid of the first tube of voltage changes or alternating volt¬ 
ages resulting from tlie flow of plate current of the second tube through 
tlie voltage divider, it is desirable to use two voltage dividers, as shown 
in Fig. 5-5a. I)ire(‘,t voltage is prevented from appearing between the 
output terminals by connecting the lower output terminal to a point 
on the voltage divider tliat is at the same potential as the plate of the 
output tube. The flow of alternating plate current of each tube through 
its voltage divider applies to the grid of that tube an alternating voltage 
in phase opposition to the impressed signal voltage and thus causes 
some loss of amplification. This difficulty may be avoided by the use 
of pusli-pull circuits, which will be discussed in Sec. 5-10.^ If the 

^Loftin, E. H., and Whitk, S. Y., Proc. LR.E., 16, 281 (1928); 18, 669 (1930). 

^Goldbbkg, IL, Trans. Am. Imt Eleo. Eng., 69, 60 (1940). 
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amplifier is to be used only for the amplification of alternating voltages, 
the loss of amplification can be prevented in the circuit of Fig. 5-5a by 
connecting a condenser between each cathode and the negative side 
of the voltage supply. In order to avoid frequency distortion these 
condensers must be large enough so that their reactancses are small 
at the lowest frequency to be amplified. Another circuit that rnakes 
possible the use of a single voltage source is shown in Fig, 5-56. In this 
circuit the grid biasing voltages are obtained by the flow of plate current 
through resistors adjacent to the cathodes. The voltage drop across 
the cathode resistor of the second stage must be equal to the plate voltage 
of the first tube minus the magnitude of the grid bias of the second tube. 
This circuit is particularly applicable when the second tube is a {)(>wer 
tube requiring a relatively high grid bias. When the ami)lifier is umd 
only in the amplification of alternating voltages, loss in anq)lifituition 
resulting from alternating voltage produced across tlic cathode resistors 
may be prevented by shunting them with condensers of low rcac^tancuu 
In the amplification of direct voltages this type of circuit is of |>rincipal 
value in push-pull form,.in which the cathode resistors do not causes 
loss of amplification. Such a circuit is shown in Fig. 6-44, The use cvf 
cathode resistors to produce grid bias will be discussed in further detail 
in Sec. 5-8. 

Another form of direct-coupled amplifier is similar to the circuit of 
Fig. 5-6, except that the coupling condenser Cc is I’eplaced by a glow- 
discharge tube. Such a tube is characterized by a practically constant 
voltage drop over a wide range of current (see Sec. 11-4). Variations of 
voltage of the plate of one tube are therefore passed on to the grid of 
the following tube and the difference in direct voltage between these 
electrodes appears as voltage drop in the glow tube. The objection to 
such a circuit arises from the fact that the current that flows through the 
glow tube has small random fluctuations which cause relatively large 
disturbances in the amplifier output. Although these disturbances 
may be very serious in amplifiers used for the production of sound or in 
other applications, glow-tube coupling is sometimes use^d in vacvinni- 
tube instruments and in control apparatus. An example of the use of 
glow-tube coupling is afforded by the circuit of Fig. 6-37. 

Direct-coupled amplifiers respond down to zero frequency, f.e., 
they amplify changes of direct voltage. Although the small frequcnc^y 
distortion and the response at zero frequency are advantages of tlu 5 
direct-coupled amplifier, the response to, changes of steady voltagtj 
makes it difficult to use more than two stages in the circuits of Figs. 5-3 to 
5-5. Small changes in the operating voltages of the first tube arc 
amplified to such an extent that it is hard to maintain correct grid bias 
in the final stage of an amplifier having three or more stages. Tliis 
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difficulty may be reduced, however, by the use of inverse feedback 
(see Sec. 6-36) and pu.sh-pull circuits.' A practical three-stage eireuii 
is shown in Fig. 6-44. 

6-7. Impedance-capacitance Coupling.—In the impedance-capaci- 
tance-eoupled amplifier of Fig. 5-6 the plate voltage is kept from thes 
grid of the succeeding tube by 
the use of a coupling condenser 
Cc- If the reactance of this con¬ 
denser is small in comparison to 
the grid coupling impedance z^, 
practically the full voltage de¬ 
veloped across Zi is applied to the 
grid of the second tube, za is 
almost always a resistance. The 
plate coupling impedance Zi may 
be a resistance, an inductive reactance, a resonant circuit, or a more 
complicated type of impedance. When resistance is used, the amplifier 
is termed a resistance-capacitance-coupled amplifier, or simply a resistance- 



Fia. 5-6.- 


-Iinpodaiice-capacitanoe-coupled 

amplifier. 


coupled amplifier. 

6-8. Use of Cathode Resistors to Provide Bias. —It is unnecessary 
to use a separate voltage source to supply grid-bias voltages. The 
plate and grid supply voltages of Fig. 5-6 may be replaced by a single 
voltage source and voltage divider, or the bias voltages may be obtained 



5-7.--”IniptHlaiic(!!-ca|.)5i<utauce""C<>up]od amiilifUiti* witli rotsistors 

by tile use of cuthode resistors, as in Fig. 5*7. Tlie steady components 
of plate and s(?reeii currents througli a biasing resistor Jiao cause a steady 
voltage drop tliat is of such polarity as to make the grid negative with 
respect to ilm cathode. The tube is said to be ^self4)^ased. The correct 
value of biasing resistance for any stage is equal to the required bias 
divided by the sum of the static operating plate and screen currents^ 
If the resistance ahme is used, the signal voltage produced across this 
resistance is also apiilied to the grid and, being opposite in phase to the 
input voltage, reduces the amplification. Although the effects of the 

KIlapc, J. K., GetL Radio ExpL, 9, February, 1939 , p, 1; Goni)timo, loc. at; 
Goodwin, 0. W., Yale J. Biol, and Med.^ 14, 101 ( 1941 ). 
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out-of-phase voltage applied to the grid are not necessarily without 
benefit (see Sec. 6-29), the loss in amplification may be prevented by 
shunting the resistance with a hy-pass condenser (7c«, whose reacdrince is 
small at signal frequency. To ensure that the amplification will not 
fall off at low frequencies, this condenser must have siiffi(‘iently high 

capacitance, so that the alternating voltage 
across Bec is negligible at the lowest fwiinmcy 
to be amplified. Because the reciuired l)iasing 
voltage is usually relatively small, a low- 
voltage, high-capacitance electrolytic (condenser 
(25-volt, 26-/if, for instance) may ordinaiily be 
used. 

Another method of preventing the appli¬ 
cation of out-of-phase signal voltage to the 
grid is by the decoupling circuit of Fig. 5-8. 
The condenser Ccc and resistor serve as 
a simple filter by acting as a voltage divider 
for any alternating voltage appearing across Bcc>^ If the reactances of 
Ccc is small in comparison with the resistance BJ at the lowest fre¬ 
quency to be amplified, a negligible portion of the alternating voltage will 
appear across Ccc at this and higher frequencies. The condenHci' charges 
up to a voltage equal to the direct voltage across Bet and thus ai)plieH 
this amount of biasing voltage to the grid circuit. The advantages of 



Pig. 5-8.—Single-stage 
amplifier with self-biasing 
resistor and decoupling filter. 



Pig. 5-9. Doubly tuned transformer-coupled aTiiplifier, 


the circuit of Fig. 5-8 over that of Fig. 5-7 is that it reciuires a smaller 
value of Ccc- Its disadvautage is the need for an additional resistor. 

The by-pass condenser in the circuit of Fig. 5-7 and the condenser- 
resistance filter in the circuit of Fig. 5-8 also serve to reduce, hum by 
preventing npple voltage, which appears across as the riisult of a 
•poorly filtered B supply (see Chap. 14), from being applied to the. grid. 
In some circuits grid bias is derived from the nearly constant voltage 


fiio f'-- 8. 445 (1932); Kinross, 11. L, ling., 10, 

Si if Sven'S w ’ 7 I'-’ 

& eS’ Eng-, 11, 600 (1934). See aim, 
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drop across a glow-discharge tube (see Sec. 12»4 and Figs. 14-21c, 14-22, 
and 14-23). 

5-9. Transformer Cotipling.—Basic circuits of transformer-coupled 
amplifiers are shown in Figs. 5-9 to 5-11. The amplifiers of Figs. 5-9 




Fhk 5-10,—Singly tuned transformer-couplod amplifier. 


and 5-10, which incorporate resonant circuits, are used principally at 
radio frequencies. The transformers may be either air-core or iron-core. 
The amplifier of Fig. 5-11, which employs untuned iron-core trans¬ 
formers, is used principally at audio frequencies. 


Inpuf 



\ Ouip^/f 


Fi(i, 5-11Untuned transformer-coupled ninplifier. 


6-10. Push-pull Amplifiers.—The circuits illustrated in Figs. 5-3 
to 5-11 use a single tube in each stage of amplification. Such amplifiers 
are said to be single dded. It is also possible to use two tubes in each 
stage, connected so that the alternating grid voltages of the two tubes 
are opposite in. phase, but the output 
voltages of tlic two tulies add, as in 
the single-stage circuit of Fig. 5-12. 
kxi amplifier that \ises such a sym¬ 
metric*,al arrangement of two tubes is 
called a lyuah-pull amplifier. 

Push-pull amplifiers have a iium- 
l)er of advantages over single-sided 
amplifiers. (1.) The principal ad¬ 
vantage of push-pull amplifiers is that 
they do not introduce even harmonics of the impressed signal or the 
accompanying intermodulation frequencies associated with the ewen- 
order terms of the series expansion. (2) The rechiction of even-order 
nonlinear distortion makes possible the use of higher bias and grid swing 
and hence the development of greater power otitpiit than that of the 


Ir\put\ 



Output 


Fia. 5-12.—Bingle-Htagft push-pull aiu- 
plifier. 




134 


APPLICATIONS OF ELECTRON TUBES 


[Chap. 5 


same two tubes used in parallel in a single-sided amplifier. (3) Hum 
voltage resulting from insufiScient filtering of the B supply, and fluctua¬ 
tions of supply voltage, are applied in the same phase to the two tubes 
of a push-pull amplifier and hence the effects balance out of the output. 
(4) In push-pull transformer-coupled amplifiers the steady plate currents 
pass through the coupling-transformer primary in opposite directions 
and so do not tend to saturate the core if the two tubes have identical 
characteristics. For this reason a smaller core can be used. (5) The 
fundamental components of alternating plate currents of the two tubes, 
which are opposite in phase, cancel in the biasing resistance lice and 
therefore do not produce alternating voltage across this resistance. E]ven 
if the alternating currents of the two tubes are not exactly equal in 
amplitude, any alternating voltage produced across Roc is applied in 
the same phase to the two grids and so this voltage does not produce any 
effect upon the output voltage. Hence the by-pass condenser may be 
omitted without loss of amplification, and danger of frequency distortion 
resulting from the variation of reactance of this condenser with frecpiency 
may be avoided. (6) Similarly, the fundamental components of plate 
current of the two tubes cancel in the impedance of the source of plate 
voltage and any small alternating voltage produced in this impedance if 
the currents are not exactly equal is applied to the two tubes in the same 
phase. Loss of amplification in individual stages or danger of oscillation 
as the result of feedback of signal voltage from any stage to a preceding 
stage (see Sec. 6-38) is thus avoided. 

The symmetry of push-pull amplifiers can be made sufficiently close 
by choice of similar tubes and by minor circuit adjustments, so that the 
negative half of the output wave may be considered to have the same 
form as the positive half. A periodic wave that has this type of sym¬ 
metry contains no even harmonics. ^ It follovrs, therefore, that a properly 
balanced push-pull amplifier does not generate even harmonics of the 
applied frequencies. This is also shown by Eqs. (4-34) to (4-36). 

That a symmetrical push-pull amplifier does not generate even 
harmonics or even-order intermodulation frequencies may be proved 
rigorously by means of the series expansion for alternating plate current. 
Since the circuit is assumed to be symmetrical, the coefficients for the 
series are the same for the currents of both tubes. Let e^, and ip be the 
alternating grid voltage and alternating plate current of one tube and 
eg' and i/ those of the other tube. Then 

ip = 'EaiCg + ^a^Og^ + Xa^eg^ -f- XaiSg^ — . . . (5-1) 

i/ = Saic/ + Za2e/2 + + Xa^Sg'^ - . . . (5_2) 

1 Malti, M. G., ^/Electric Circuit Analysis,” p. 176, John Wiley & Sons, Inc., New 
York, (1930). 
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But = —dg- Therefore 


ip' = — 2ai6„ -1- Saae,,^ — -f- Xa^e/ - • - • (5_3) 


Because the plate currents flow through the primary of the coupling 
transformer in opposite diroc-tions, the voltage across the secondary is 
proportional to the dilTerenee between ip and ip'. 

= A(ip - i/) = 2A{Xaxflp + -h Xa,eA + • • •) (5-4) 


in which A, the constant of proportionality, is different for each frequency 
component of the expanded series. If e„ = En sin at is substituted in 
Eq. (5-4) and the i)owers of sin oot are expanded, the resulting series 
contains only the fundamental and odd-harmonic frequencies. If is 


the sum of several voltages of different frequencies, the series contains 
also odd-order intermodulation frequencies, but no even-order inter- 
modulation frequencies. Witlr triodcs, the coefficients of the third- and 
higher-order terms of the scries can be made small enough so that the 
output of a push-ptdl amplifier has negligible harmonic and intermodula¬ 
tion content. With i)entodes a great reduction of amplitude distortion 
can be effected by the us<i of push-pull circuits operated under conditions 
that give small tiiird-luirmonie content but that would give high second- 


Output 


liai'nionic (^<)ntoIlt with Bingle-Bided amplifiers. 

If the traiusformer of 5-12 is center tapped, it can be used 

to excite a following piisli-piill amplifier stage. Impedance-capacitance 
eoupliiig may also be used, asslioAcn 
ill Fig. 5-13. In this (drciiit there 
can be no external connetd-ion be¬ 
tween either side of i.ho input and 
the cathode circuit, as this would in 
effect sliort-circuit the a-c input to 
one tube. For tliis reason the iii])iit 
can be grounded only at the mid¬ 
point of the in|)iit resistor. Al¬ 
though piish-pidl stages may be uscmI 
thronghout a nuiltistage amplifier when it is desired to reduce distortion 
to a ininiimini, it is more eomnion to use the push-pull connection only 
in the final stages, in wluxdi the current amplitude, and hence the dis- 


TnpuV 


Pi a. 



5- 1 in “ - H. e 8 i H t a ii c o - c a p a c i t a n c e- 
coiiplcHl aniplifier. 


tortioiij are large. 

6-11. Phase Inverters.-—The requirement that the exciting voltages 
of the two tulies of a push-pull amplifier sluill he opposite in phase neces¬ 
sitates the use of special circuits in coupling a single-sided stage to a 
push-pull stage l).y means of resistance-capacitance coupling.^ One 

> Auoiitiu, F., IFi/'fZo.s.'i Eng., 6, 307 (1929); Davidsont, P. G., Wireless Eng., 6, 
437 (1929); Suoim’, H. L-, Radio Eng., January, 1936, p. 14. 
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circuit that may be used for this purpose is shown in Fig. 5-14. In this 
circuit, the 180-degree difference in phase of the exciting voltages of the 
push-pull tubes is obtained by splitting the plate resistor of the first 
stage into two parts and inserting the B-supply voltage between them.i 
The signs in Fig. 5-14 show the polarities of the instantaneous voltages 
across the various resistors when the instantaneous input voltage is of 
such polarity as to swing the grid voltage of the first tube in the positive 
direction. This circuit has the disadvantage that the input cannot be 
grounded if the voltage supply is grounded. This disadvantage may be 
avoided by connecting the lower input terminal and the lower end of the 
input resistor to the negative side of the supply voltage S',*, instead of 
as shown in Fig. 5-14. ^ The voltage developed across the lower plate 
resistor of the first tube is then applied to the grid in series with the input 



Pig. 5-14.—Amplifier circuit in which resistance-capacitance coupling is used to couple a 
single-sided stage to a push-pull stage. 

voltage. Since these voltages are opposite in phase, the resultant grid 
voltage is small and the amplification of the first stage is approximately 
unity. An objection to this connection is that it greatly increastvs the 
effective output impedance of the plate half of the inverter and thereby 
affects the high-frequency response adversely (see Sec. G-fj). 

A second type of phase-inverter circuit, in which the phase reversal 
is accomplished by means of an extra tube, is shown in Fig. 5-15. The 
signs indicate the relative polarities of the instantaneous alternating 
voltages throughout the circuit. The alternating grid voltage of tube T%^ 
obtained from the plate load resistance of Jh, is opposite in 
voltage impressed upon the grid of Ti. Hence the output 
voltages of the two tubes are opposite in phase. The slider of the voltage 
divider is set so that (ri +■ is equal to the voltage amplification of 
Ti. The alternating grid voltages and, therefore, the output voltages, 
of the two tubes are then equal in amplitude. A twin type of tube is 
usually used for Ti and ^ 2 . A simple method of balancing the circuit 
is to connect a pair of headphones across the biasing resistor and to 

^ Ttjlauskas, L., Electronics, May, 1933, p. 134. 

^ McPboud, C. G., and Wildbemuth, R, H,,'Electronics, October, 1940, p. 50. 
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adjust the voltage divider so that only harmonic and other distortion 
frequencies are heard. 

A third type of phase-inverter circuit, called the cathode phase inverter, 
is shown in basic form in Fig. 5-16a.^ The alternating grid voltage for 
which is obtained from the resistance in the cathode circuit of Ti, is 



Output 


Fig. 5-15.—Use of a phase-inverting tube in coupling a single-sided stage to a push-pull 

stage. 


opposite in phase to the alternating grid voltage of T\, and so the two 
output voltages (measured relative to the common output terminal) are 
opposite in phase. A simple analysis, based upon the equivalent plate 
circuits (see Prob. 5-1), shows that the ratio of J?oi to i?o 2 is equal to 
rbi[l + {rp + n 2 )/(M + l)rk\/m. This ratio can be made equal to unity 
by making rh 2 larger than n>i. When it is desired, for the sake of sim- 



Fig. 5-16.—Cathode phane inverter (a) with a cotninon cathode coupling luid biasing resistor 
and (b) with coupling roHiatanco greater than the biasing resistance. 


plicity, to make ni and ri,^ of equal value n, the amplitudes of the two 
output voltages can be made to approach equality by making (ix + l)rfc 
large in comparison with Tp + n. The voltage amplification is then 
approximately fjLn/2(rp + n). In order to make the two output voltages 
essentially equal in this manner, it is necessary to use values of n con¬ 
siderably larger than those required to provide the correct grid bias. In 


1 Schmitt, 0. H., J. Sci. Instruments, IB, 136 and 234 (1938): Rev. Set. Instru¬ 
ments, 12, 548 (1941). 
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the modified circuit of Fig. 5-166 the bias is provided by the resistance 
Rccj whereas the alternating grid voltage of is taken from across both 
n and Ecc through the condenser C, the reactance of which is negligible 
in comparison with the resistance J?, 

6-12. Output Circuits. —It is often advan¬ 
tageous or necessary to prevent the steady 
component of plate current of the output tube 
from passing through the loud-speaker or other 
load. This may be done by using an output 
transformer as in Figs. 5-9 to 5-12, 5-14, and 
5-15, a resistance-capacitance network as in 
Figs. 5-7 and 5-13, or a condenser-choke 
combination as in Fig. 5-17. 

6-13. Use of Center-tapped Filament Transformer with Filamentary 
Cathodes. —When tubes with filamentary cathodes are operated from 
an a-c filament supply, the grid and plate circuits are connected to the 
cathode through a center tap on the filament transformer or through a 
center-tapped resistor shunted across the filament. The reason for 
the center connection is to prevent a-c output at supply frequency as the 
result of a variation of voltage of one end of the filament relative to the 
grid. The center connection is equivalent to a connection to the mid¬ 
point of the filament. When the alternating voltage drop in the filament 
causes the voltage of the grid relative to one end of the filament to 
become more negative, it causes the grid voltage relative to the other 
end to become less negative. If the filament is symmetrical, the decrease 
of space current from one end of the filament is offset by an equal increase 
from the other end, and the plate current remains constant. Slight 
deviation of the filament from symmetry with respect to the mid-point 
can be compensated by the use of a resistor with an adjustable tap. 

6-14. Frequency Range. —According to frequency range, amplifiers 
are classified as wide-band and narrow-band. The presence of circuit 
inductances and capacitances restricts the frequency range over which 
any amplifier can amplify uniformly. The width of the response band 
may be reduced to any desired amount by the use of tuned circuits or 
band-pass filters in the amplifier. For most applications of audio¬ 
frequency amplifiers it is desirable, to amplify uniformly over as great a 
frequency range as possible, and so untuned amplifiers are the rule. 
Tuned amplifiers, which are indispensable in radio-frequency amplifica¬ 
tion, are seldom of value in audio-frequency work unless it is desired to 
emphasize or repress certain frequencies. Amplifiers incorporating 
band-pass filters are of value at both radio and audio frequencies.^ 



Fig. 5-17.—Choke-conden¬ 
ser-coupled load. 


^ Buttebwohth, S., Wireless Eng., 7, 636 (1930). 
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They may be used in separating and isolating various portions or com¬ 
ponents of a wide band of frequencies which are simultaneously produced 
or transmitted. 

6-15. Class A, Class AB, Class B, and Class C Amplifiers. —According 
to the portion of the cycle during which plate current flows, amplifiers 
are classified as Class A, Class AB, Class B, and Class C. A Class A 
amplifier is one in which the grid bias and alternating grid voltage are 
such that plate current in the tube, or in each tube of a push-pull stage, 
flows at all times. A Class AB amplifier is one in which the grid bias 
and alternating grid voltages are such that plate current in the tube, or 
in each tube of a push-pull stage, flows for appreciably more than half 
but less than the entire electrical cycle. A Class B amplifier is an 
amplifier in which the grid bias is approximately equal to the cutoff 
value, so that the plate current is approximately zero when no exciting 
grid voltage is applied and so that plate 
current in the tube, or in each tube of a 
push-pull stage, flows for approximately one- 
half of each cycle when an alternating grid 
voltage is applied. A Class C amplifier is 
an amplifier in which the grid bias is appre¬ 
ciably greater than the cutoff value, so that 
the plate current in each tube is zero when 
no alternating grid voltage is applied and so 
that plate current flows in each tube for 
appreciably less than one-half of each cycle 
when an alternating grid voltage is applied. 

The sufl&x 1 may be added to the letter or 
letters of the class identifici^tion to denote that grid current does not 
flow during any part of the input cycle, and the suffix 2 to denote that 
grid current flows during some part of the cycle. 

Class A1 operation is illustrated in Fig. 5-18. According to the 
definition of Class A amplification, the lower limit of instantaneous total 
plate current is zero. Practically, however, distortion caused by curva¬ 
ture of the dynamic transfer characteristic at low values of plate current 
limits the minimum plate current in a single-sided amplifier to values 
that ordinarily are not less than one-fifteenth of the maximum plate 
current and that may be considerably larger. Since grid current starts 
flowing when tlie grid voltage is zero or even slightly negative, the upper 
limit of plate current is approximately that corresponding to zero grid 
voltage. The largest amplitude of alternating plate current is evidently 
obtained when the grid bias and signal voltage have such values that the 
grid voltage is equal to or slightly less than zero at the positive crest of 
exciting voltage and the plate current has the minimum value of Jmin, 



Pio. 5-18.--Single-Bided ClanH 
A1 operation. 
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amplifiers and the special problems encountered in their design will be 
treated in detail in Chap. 8. 

Class AB operation is intermediate between that of Class A and 
Class B. Single-sided Class ABl and AB2 operation are illustrated in 
Figs. 5-21a and 5-216. Because plate current in a single tube does not 
flow during the entire cycle, it is necessary to use push-pull circuits to 
avoid excessive distortion in Class AB a-f amplifiers. Often the grid 
is not allowed to swing positive, since the flow of grid current results in 
complications which may offset the advantages (see Sec. 8-9). Con¬ 
siderably greater power output and higher efficiency can be obtained 
with Class ABl amplifiers than with Class Al amplifiers. Class AB 
amplifiers will be treated in Chaps. 7 and 8. 

Because of the fact that plate current flows during less than 180 
electrical degrees in Glass C operation it is impossible to use Class C oper- 




Fia, 5-21.—(a) Singlo-sidod Claws ABl operation. (6) Siriglo-sidcd Class AB2 operation. 

ation in a-f amplifiers dc^signed for wide frequency bands. In r-f ampli¬ 
fiers,'harmonics are suppressed by the use of resonant circuits. The 
efficiency of Class C amplifiers is greater than that of the other classes. 

6-16. The Decibel. —Although current, voltage, and power amplifica¬ 
tion, as well as the magnitude of a given voltage, current, or power, 
relative to reference values, can be expressed as an ordinary ratio, it 
has been found to be far more convenient to make use of logarithmic 
ratios. The unit that has been adopted in this country is the decibel, 
which is indicated by the symbol db and is defined as follows: 

1. The ratio of two amounts of power P 2 and Pi is said to be n db if 

71 == 10 logic Y 

2. The ratio of two voltages Ez and Ei or two currents J 2 and h is 
said to be n db if 

n = 2d"Togio ^ or n = 20 logic ^ 


(5-6) 
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If P 2 exceeds Pi, n is positive, P 2 is said to be ''up'’ n db with respect 
to Pi, and n is said to indicate a gain; if Pi exceeds P 2 , n is negative, P 2 is 
said to be " down" n db with, respect to Pi, and n is said to indicate a loss, 

]j]2 

By substituting P = Pz cos S and P = y cos ^ in Eq. (5-5) the 

student may show that Eqs. (5-5) and (5-6) give the same number of 
decibels if the impedances in which Pi and P 2 are developed have the 
same magnitude and phase angle. 

It follows from the definition of a logarithm that if a system is made 
up of a number of units whose decibel gain or loss is ni, n 2 , ^ 3 , etc., the 
over-all gain or loss of the system is 

n = ni + 7^2 "h ^3 d" * * ’ (5“’7) 

due account being taken of the signs of ni, nz, etc. 

It should be noted that the decibel always refers to the ratio of two 
amounts of power, voltage, or current. A single quantity of power, 
voltage, or current can be specified in decibels by agreeing to express 
the ratio always with respect to a fixed reference value, called zero level. 
In telephone engineering practice, 6 mw has long been accepted as zero 
power level. The somewhat more convenient value of 1 mw, as well as 
other values, is often used. The term volume unit is used in place of 
"decibel" in specifying power when 1 mw is used as zero power level^ 

The small numbers in which it is possible to express the decibel 
gain corresponding to large amplification ratios and the ease of adding 
and subtracting, as compared with multiplying and dividing, constitute 
two advantages of the use of the decibel. Furthermore, the change in 
gain of an amplifier in decibels is a better index of the effect of the sound 
output upon the ear, than the corresponding change in amplification.^ 

A chart for determining decibel gain corresponding to power, voltage, 
and current ratios is given on page 676. 


Problems 

6 - 1 . a. By the use of equivalent plate circuits, show that tlu'. voltagti amplification 
of tube Ti in the circuit of Fig. 5-16a is 


_ m\[rp + Ui + (m + l)rd 

(rp -H ni){rp + m) 4- (2rp -h + l)rfc 


(5-8) 


and that the ratio of the output voltages of the two tubes is 


^ _ Ti 4- ^ na 

Eoi L + l)r*J m 


(5-0) 


^ Affel, H. a., Chinn, H. A., and Mokris, R. M., ElectronwSf February, 1939, 
p. 28; Chinn, H. A., Gannett, D. K., and Morris, R. M., Proc. LILE., 28, 71 (1940). 
2 Perry, S. V., RMA Tech. Bull 1, Nov. 1, 1940. 
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b. Show that when = r,.-, = n and + 1)^ > > + n,, Eqs. (5-8) and (5-9) 

reduce to 


■^(>1 

Eo2 


_ fin 

-f Tb) 

-1 


(5-10) 

(5-11) 


6-2. The voltage produced by the flow of 1 ma through a resistance of 1000 ohms 
is amplified to give a voltage of 100 volts across a lO.OOO-ohm resistance. Find the 
voltage gain, current gain, and power gain in decibels. 



CHAPTER 6 


ANALYSIS AND DESIGN OF VOLTAGE AND CURRENT 
AMPLIFIERS 


Voltage amplifiers are usually dperated in such a manner that ampli¬ 
tude distortion is small. Much can be learned regarding their perform¬ 
ance, therefore, by taking into account only the fundamental components 
ji ^ of plate current and making use of 

j^9P^'\ I equivalent-plate-circuit theorem. 

I-j—H—d I—*—I I—*- The results of such an approximate 

^ o _1. ''-'c kT" I 5^^ analysis are closely verified by 
'^9'o9“TCgk " I laboratory measurements. When it 

L^|-J—_J-H|||—1-1 . is necessary to determine the bar¬ 
gee ^bb monic content or to make more 

Fig. 6-1.—Single-sided amplifier with accurate predictions regarding the 
impedance load. amplification, the graphical methods 

explained in Chap. 4 may be employed. 

6-1. Voltage Amplification of Tube with Impedance Load.—The 
simplest form of vacuum-tube voltage amplifier consists of a single tube 
with an impedance in the plate circuit, as shown in Fig. 6-1. Figure 6-2 
shows the equivalent plate circuit. As far as its shunting effect upon 
Zi is concerned, C„ may be replaced by an eciuivalent capatntance 


6-1.—Single-sided amplifier with, 
impedance load. 


explained in Chap. 


-c 

r^p I- d 

n 

r Z 

n 

jc: 

XX 

c-> 


b 

H 


u 

LJ 


i-1 

1 * 10 . 6 - 2 . Equivalent circuit for the ampli- S'lO. 6-3.—Simplified oqiiivalont circuit for 
fier of Fig. 6-1. the amplifier of Fig. 6-1. 

Cgf' = CspiBg in parallel with Cj,/,.. Since E.ii is usually 

large in comparison with C,,/ is approximately equal to C„„. The 
equivalent circuit may then be simplified to that of Fig. 6-3, in which 
Cpk = Cpk + Cgp. At low frequency the reactancie of Cpk is so liigh 
that its effect may be neglected. IJnder this assumption the voltage 
amphfication is 

4 = ^ /n 1S 

^ 7 „ Eg- 'Eg - 
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with pure 



The manner in. which \A/^\ varies with the ratio \zb/r 
resistance load and with pure reactance load is shown in Fig. 6-4. The 
voltage amplification approaches the amplification factor when the load 
impedance becomes large in comparison with the plate resistance. 
Inductance load has the advan¬ 
tage that loss of direct voltage 
resulting from IR drop in the load 
may be kept to a minimum by 
making the d-c resistance small. 

This advantage is more than off¬ 
set, however, by dependence of 
load impedance upon frequency, 
which tends to make the ampli¬ 
fication fall and to advance the 
phase of the output voltage with 

respect to the exciting voltage at t • 

^ too —C'urves sliowmg the uiaiuier iii 

low frequency. 'which tlie low-frequoncy arnplificatiori of a 

At frequencies which are so single tube with pure resistance load and with 
^ . pure reactance load varies with load imped- 

high that the reactance of Cpk is ance. 

comparable with the plate resistance, the effective load impedance Zi, 
consists of the parallel combination of Zh and the reactance of Cpi/, The 
voltage amplification therefore falls off at high frequency, and the phase 
of the output voltage is retarded. The upper limit of the range of 
uniform amplification can be raised at the expense of amiilification, by 

reducing Zb* With resistance load it 
is not difficult to obtain uniform 
amplification from i^ero frequency 
well into the radio-frequency range. 
Special methods of improving the 
high-frequency res p o n s e will be 
discussed. 

For triodes with resistance load, 
the manner in whicih A varies with n, 
is complicated by the fact that, as 
this resistance is increased, the path 
of operation is lowered and the plate resistance is increased. Thus, the 
plate resistance at the operating point 0' of Fig. 6-5 is higher than that 
at the point 0. The amplification does not increase so rapidly, there¬ 
fore, as would be indicated by Eq. (6-1) if the plate resistance were 
assumed to be constant. The manner in which the voltage amplification 
varies with load resistance can be determined most readily graphically. 
The voltage amplification is roughly equal to the difference in plate 
voltage of points of intersection of the load line with two adjacent static 



eb 


Fig. 6-5.—Plate diagram of a triode 
with pure roHiHtaiico load, Hhowing the 
variation of voltage output with load re¬ 
sistance at constant excitation. 
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plate characteristics, divided by the difference of grid voltage of the two 
characteristics. This is the ratio Ezb/Ef or Ezb jE^ in Tig. 6-5. The 
accuracy of this method increases, of course, as the interval between the 
characteristics is decreased. It can be seen from Fig. 6-5 that the rate 
at which the amplification is increased with load resistance is small at 
high values of load resistance. For this reason and because of the falling 
off of amplification at high frequency when n is large, the load resistance 
is usuaUy limited to 500,000 ohms or less in practice, even with triodes 
having high plate resistance. The voltage amplification that can be 
realized in practice with triodes approximates 80 per cent of the amplifica- 


u 

Input 



] 

-r^ 

T_ 

a- 

.hL. 

HM 

1_1 

1 4- 


Output 

I—0 


Fig. 6-6.—Single-stage pentode voltage 
amplifier in which a second pentode is used 
as the load resistance. 


tion factor. 

For pentodes witk resistance load, the action is complicated by the fact 
that at low values of plate current the spacing of the static characteristics 
rapidly becomes smaller as the negative grid voltage is increased. The 
resulting curvature of the dynamic transfer characteristic causes ampli¬ 
tude distortion. This difficulty 
can be reduced by increasing the 
plate supply voltage, but the re¬ 
quired voltage rapidly becomes 
prohibitive as the load resistance 
is increased. Practical values of 
pentode load resistance are also 
limited to about 5()(),()()() ohms. 
Since pentode plate resistances 
are well in excess of a megohm, the realizable voltage amplification 
is much smaller than the amplification factor, 350 representing the 
approximate limit. Because the plate resistance of pentodes is con¬ 
siderably higher than the usable load resistance, Eq. (6-1) reduces to 
A = QmZh for pentodes. 

Values of voltage amplification approximating the amplification 
factor of pentodes can be obtained by using the plate resistance of a 
second pentode as the load resistance,^ as shown in Fig. 6-6. The a-c 
resistance of the pentode that is used as load is high, l)ut its electrode 
voltages may be adjusted so that the d-c drop througli it is small, and so 
that its plate current is equal to the desired operating plate (uirrent of 
the amplifier pentode. In this manner it is possil)l(^ to obtjiin high a-c 
load resistance without lowering the operating plate voltage^, and current 
of the amplifier pentode to values that give excessive distortion. The 
interelectrode capacitances of the two tubes cause the ami)lificjation to 
fall at the upper end of the audio-frequency range. 


^Heed, J. F., Wireless Eng., 8, 192 (1931); Mkisbnee, K. 1L, Electronics, July, 
1933, p. 195; Hobton, J. W., J. Franhlin Inst, 216, 749 (UJSS'); Schmitt, (>., Rev, Bed. 
Instruments, 4, 661 (1933). 
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6-2. Voltage AmpMcatioa of Multistage Amplijfiers. —The OTer-all 
amplification of a multistage amplifier is equal to the product of the 
amplifications of the individual stages. (The over-all gain is equal to 
the sum of the gains of the individual stages.) In forming the equivalent 
circuit of each stage, the stage must be considered to consist of the tube 
and all circuit elements coupled to the plate, including the tube capaci¬ 
tances and the input admittance of the following tube.^ Different types 
of coupling may, of course, be used in the different stages. The form of 
the plate load of the final stage depends upon the purpose for which the 
amplifier is designed. 

6-3. Voltage Amplification of Direct-coupled Amplifier. —The direct- 
coupled amplifier illustrated in Figs. 5-3 to 5-5 consists of two stages of 
the simple amplifier of Fig. 6-1. Because of the effect of the input 
capacitance of the second tube upon the amplification of the first stage, 
the amplification begins to fall off at a lower frequency than with a single 
stage; otherwise the behavior is similar. The over-all amplification is 
the product of the amplifications of the two stages (the sum of the decibel 
gains), which may be determined from the equivalent circuit of Fig. 6-3. 
The direct-coupled amplifier is a special form of an impedance-capaci¬ 
tance-coupled amplifier in which the coupling capacitance and grid-leak 


impedance are infinite. Since the 
impedance-capacitance-coupled am¬ 
plifier is analyzed in the following 
sections, the direct-coupled amplifier 
need not be treated in further detail. 
If the coupling and output imped¬ 
ances of this type of amplifier are 
nonreactive, the amplification is inde¬ 
pendent of frequency from zero fre- 



Fig. 6-7.—Twcl-stage impedaiicc-capaci- 
tanco—couplod amplifior. 


quency up to frequencies at which the effect of interelectrode capacitances 
becomes apparent. This type of amplifier gives the least frequency and 


phase distortion and is the only type of multistage amplifier that will 


amplify at zero frequency, ie., that will amplify changes in direct voltage 


or current. 


6-4. Impedance-capacitance-cotipled Voltage Amplifier. —The basic 
circuit of a two-stage impedance-capacitance-coupled amplifier is shown 
in Fig. 6-7, The final stage may be considered as a special form of 
impedance-capacitance-coupled stage in which one or two of the 
coupling elements are absent. If the amplifier is used to furnish voltage 
output only, i.e., if the external impedance across the output terminals 


1 The student is cautioned against attempting to combine the equivalent circuits 
of two or more stages into a single equivalent circuit. 
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is infinite, the load of the final stage may be considered to be merely 
and the amplification may be found by the use of Eq. (6-1). 

The equivalent circuit of an impedance-capacitance-coupled stage 
is shown in Fig. 6-8a. Because the effective plate-to-cathode (‘.apacitance 
Cphi is very much smaller than the capacitance of the coupling condenser 
Cc, the effect of Cpn upon the behavior of the amplifier is the same as 
though Cpki were connected in parallel with the input impedance z „2 of 
the following tube.^ Further simplification results from the assumption 
that the input conductance of the following tube is negligible. Then the 
admittance is [see Eq. (4-13)] 

Ygi = = joiCii = jw[C„ki + (1 + |A2l)C„„al (6-2) 

in which [lal is the magnitude of the voltage amplification of the following 
stage, and Cghz and Ggp^ are the interelectrode capacitances of the following 



Fig. 6-8.—Equivalent plate circuit for the first stage of th<^ amiilificr of Fig. fl-7. 

tube. The effective input capacitance Ci 2 of the following; tube, in 

parallel with the effective plate-to-cathodo capacitance Cpki^ may be 

replaced by an equivalent capacitance 

C 2 = Cpki + Cok2 4“ (1 + |d2|)C,/y,2 (6"3) 

For convenience in analysis the parallel combination of and may \m 
replaced by the equivalent impedance 

Zn 

Figure 6-86 shows the simplified equivalent circuit. Summation of 
voltages in the circuit of Fig. 6-86 yields the following e<iuat.ion.s 

Ip(jp + Zi) — /zi = /x/4’,,1 (( 5 - 5 ) 

I \zi + Z 2 ' - = IpZi (0-6) 

Examination of Fig. 6-7 shows that the second grid is nui<I(^ mon* negative 
when Ip and I are increased by making the grid of tlu^ first tulre leas 

I Strictly, Cpw', as defined on p. 144, rather than C„h, st'cnild he u.hciI in tfiis 
analysis. In tubes suitable for use in voltage amplifiers, however, is so luueh 

smaller than Cpki that little error results from using C^ki instead of 
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negative. 


Therefore, 1^2, and the voltage amplification is 


A — Ell = — 

Eoi 


(6»7) 


Solution of the simultaneous equations (6-5) to (6-7) gives the follow¬ 
ing general expression for the voltage amplification of a stage of an 
impedance-capacitance-coupled amplifier: 


A == 


__ 11Z1Z2 _ 

{zi + z^')rj, -h ^112:2' - 


(6-8) 


Equation (6-8) may be readily transformed into the equivalent equation 


A = “ 


__M___ 

(2/1 + yi)rp + 1 - i (yirv + 1) 


(6-9) 


Equations (6-8) and (6-9) and their rationalized equivalents are too com¬ 
plicated to show clearly the influence of the various circuit constants 
upon the voltage amplification. The formulas for special forms of the 
impedance-capacitance-coupled amplifier are considerably simpler. 



Fio. 6-0.—Two-stage resistanco-capacitanoo-coiiijled amplifier. 

6-6. Resistance-capacitance-coupled Amplifier. —The most com¬ 
monly used type of impedance-coupled amplifier is the resistance- 
capacitance-coupled amplifier, in which the coupling impedance zi 
and grid coupling (grid-leak) impedance are resistances ti and r 2 , as 
shown in Fig.^ 6-9. Figure 6-10 shows a typical frequency-response 
curve of such an amplifier. It can be seen from this curve that the 
amplification remains constant over a considerable range of frequency 
but falls on either side of this range. The range of constant amplification 
is called the mid-hand range of frequency. The amplification in this 
range is called the mid-hand amplification and is represented by the 
symbol Am. The mid-band range usually extends from below 100 cps 
to above five thousand cps, and may be greatly extended in both 
directions. 

Examination of Fig. 6-9 shows that the reduction of voltage amplifica¬ 
tion at low frequencies must result from the voltage-dividing action of 
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Cc and Tt. Since the reactance of Co increases as the frequency is reduced, 
more of the alternating voltage across ri appears across the condenser 
and less is applied to the grid of the following tube. The reduction of 
amplification at high frequencies, on the other hand, must result f rom 
the shunting effect of C 2 , the effective input capacitance of the following 
stage. As the frequency goes up, the resultant impedance of the parallel 
combination of n, n, and C 2 goes down, and so the voltage amplification 
falls, as predicted by Eq. (6-1) and shown by Fig. 6-4. The constant 
amplification in the mid-band frequency range indicates that within this 

range the reactance of the series capaci¬ 
tance Cc is so small that Cc may be 
considered to be short-circuited and that 
the impedance of the parallel capaci¬ 
tance C 2 is so high that C 2 may be con¬ 
sidered to be absent. Furthermore, the 
effect of C 2 is negligible in the freciueiicy 
range in which Cc reduces the amplifi¬ 
cation, and the effect of Cc is negligible 
in the range in which C 2 reduces the 
amplification. Hence the mid-band, high, and low ranges of frequency 
may be considered separately in analyzing the behavior of the amplifier. 

Although expressions for the voltage amplification of a resistance- 
capacitance-coupled amplifier can be readily obtained by making 
appropriate simplifications in Eq. (6-9), it is more instructive to derive 
them directly from equivalent circuits. Since both Cc and Ca have 
negligible effect in the mid-band range, the mid-band load of the first 
stage of the circuit of Fig. 6-9 consists of ri and in parallel The 
voltage amplification can be found from Eq. (6-1). If the numerator 
and denominator of the right side of Eq. (6-1) are divided by the 
equation becomes 



Fig. 6-10.—Typical shape of the 
frequency-response characteristic of a 
resistance-capacitanoe-coupled am¬ 
plifier. 


A = 





__ {Jm . 

1 + 1 

Tp Zh 


(G-10) 


But since the effective load impedance is that of rj aiid in parallel. 


1=1 + 1 

Zb n rs 


(6-11) 


Substitution of Eq. 1.6-11) in Eq. (6-10) give.s for the mid-baiul ampli¬ 
fication 


g«i 

1 + 1 + 1 

Vp Ti T% 


A,m — 




( 6 - 12 ) 
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in whiich. 



nnTp 

Tin + rifp +• r^Tp 


Tp Ti T2 


(6-13) 


The approximate equivalent circuit of the first stage of the amplifier 
of Fig. 6-9 at frequencies above the mid-band range is that of Fig. 6-11. 
The voltage amplification can be found from Eq. (6-10) if it is noted 
that the load is the parallel combination of n, and C 2 . 

_ =- k. (6-14) 

Zb n T2 ^ ^ 


Substitution of Eq. (6-14) in Eq. (6-10) gives for the high-frequeney 
amplification (see also Sec. A.-1, page 671) 


Ah ^ — 


1 1 1 

- 1 - 1 - 

Tp Ti n 


4" jwCa 


i'l tn 

- joiThC^, 


(6-15) 


The subscript in Ah indicates that Eq. (6-15) holds at frequencies above 
the mid-band range. It can be seen from Eq. 

(6-15) that as the frequency is reduced at 
frequencies above the mid-band range, the 
voltage amplification approaches the mid-band 
value gmTh- 

In the theoretical determination of the Fig. e-ii.— -Simplified 
frequency response of amplifiers and in the eq'ii'v-aient plate circuit for 

design of amplifiera to meet specified frequency- ooupied ampUfiei at high, 
response requirements, it is convenient to know frequencies, 
the complex ratio of the amplifiication. at any frequency to the mid-band 
amplification. Equation (6-15) may be written in the form 



Ak 1 _ 1 , . . .■ 

X. - TTTXS. - VTTWW ^ ™ 

= - - ^ /y 

\/l -f (cor/iCa)^ 


whore 


^ — tan”"’ oThC^ 


(6-16) 

(6-17) 


7 is the angle of the phase shift of the output voltage relative to the naid- 
hand phase of the output voltage. (In the mid-band frequency range, 
the output voltage is 180 degrees out of phase with the input voltage.) 
The magnitude of the ratio of the high-frequency amplification to the 
mid-band amplification is seen from Eq. (6-16) to be 


Ah _ _ 1 _ 

Am \/l (cor^Cg)^ 


=. cos 


y 


(6-18) 
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I Aa/Aw] can be evaluated most readily at a given value of by finding 

the cosine of the angle whose tangent is Curves derived from 

Eqs. (6-17) and (6-18) are shown in Fig. 6-12. These curves give the 
relative amplification and the relative phase shift at high frequencies 



90 tn 
80 -! 
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Fig. 6-12.--Generic curves of relative amplification and relative phase sliift of a resistance- 
capacitanco-coupled stage at high frequoncios. 


with respect to the mid-band values, as a function of frequency and 
circuit constants. 


The approximate equivalent circuit of the first stage of the amplifier 
of Fig. 6-9 at frequencies below the mid-band range is shown in Fig. 6-13. 

Summation of voltages in this circuit yields the 
following equations; 



Fig. 6-13.—Simpli¬ 


fied equivalent plate 
circuit for one stage of a 
resistance-coupled am¬ 
plifier at low fre¬ 
quencies. 


Ip{rp + ri) — Ir I 

K■ i;) 

The output voltage is E^t 
amplification is 


h<rx 


(6-19) 

( 6 - 20 ) 


-/fj and the voltage 


A, — ~ 


‘:>’A 

Egl 


( 6 - 21 ) 


Solution of the simultaneous equations (6U9), (6-20), and (6-21) gives 
the voltage amplification at low frequencies: 


= - -_ 

+ rir„ -f nrp — 

uCc 

_ _ 9mrh _ A„ 

I - + ’•i) , ■ j 

(Vi -)- nrp -I- rjrp)a)Cc '^iCl 


((i-22) 



Sec. 6-5] 


VOLTAGE AND CURRENT AMELlElERS 


153 


where 


! + rirj, + TiTf _ „ j_ 1 

rp + ri ^ 1/ri + l/?"p 


(6-23) 


The subscript in Ai indicates that Eq. (6-22) holds at frequencies below 
the mid-band range. Equation (6-22) shows that the low-frequency 
amplification approaches the mid-band value g^Xh as the frequency is 
increased at frequencies below the mid-band range. 

Equation (6-22) may be written in the form 

Al = 1 , 

Am ■\/l -]- i/(o>riCc)^ 

where 

a = tan “^—tt 


(6-24) 

(6-25) 


a is the phase angle of the output voltage relative to the mid-band phase 
of the output voltage. The magnitude of the ratio of the low-frequency 
amplification to the mid-band amplification is 



1 

__ _ _ = COS 0! 

Vl + l/(«nCo)=‘ 


(6-26) 


Curves derived from Eqs. (6-25) and (6-26) are shown in Fig. 6-14. 
These curves give the relative amplification and the relative phase shift 



IFia. 6-14.—Generic curve of I’olativo amplification and relative phase shift of a resistance- 
capacitanco-coupled stago at low frequoncieB. * 

at low frequencies with respect to the mid-band values, as a function of 
frequency and circuit constants. 

The manner in which the voltage amplification and phase shift of a 
resistance-capacitance-coupled amplifier vary with the circuit constants 
and with frequency is completely specified by Eqs. (6-12), (6-17), (6-18), 
(6-25), and (6-26) (subject to the limitation that the effective input con¬ 
ductance of the following tube is negligible) and by the curves of Figs. 
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6-12 and 6-14, which are derived from these equations. The method 
of using these equations and curves can be best shown by computing the 
voltage amplification of one stage of a resistance-capacitance-coupled 
amplifier in the mid-band range and at a frequency above and one below 
the mid-band range. The amplifier wiU be assumed to have the following 
circuit and tube constants: 

^ iQQ n = 200,000 ohms 

r„ = 100,000 ohms n = 500,000 ohms 
C2 = 200 MMf Cc,= O.0lMf 


n, as determined from Eq. (6-13), is 58,800 ohms, and is 


100 

100,000 


lO"^ mho. 


The mid-band voltage amplification is found by Eq. (6-12) to be -58.8. 
At a frequency of 10,000 cps, aruCi is 

27r X 10* X 58,800 X 2 X 10-*“ = 0.738. 


Figure 6-12 shows that, at this value of conC 2 , \Ah/Am\ is approximately 
0.8. Hence is 0.8 X 58.8 = 47 at 10,000 cps. By means of Eq. 



Fig. 6-15.—Theoretical frequency-response characteristics for a typical rt'Hi.stanct‘-c()UpUMl 

amplifier. 

(6-23), n is found to be 566,000 ohms. At a frequency of 50 cps, 
is 27r X 50 X 5.66 X 10® X 10“« = 1.78. Figure 6-14 shows that, at 
this value of conCe, \Ai/Am\ is approximately 0.86, The^refore \Ai\ is 
0.86 X 58.8 = 50.6. Theoretical frequency-response curves for the 
tube factors used in this illustrative problem and for four combinations of 
circuit constants, including those used in the problem, are shown in 
Fig. 6-15. 
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6-6. Effect of Circuit Constants upon Resistance-capacitance- 
coupled Amplifier Response. —Equation (6-12) may be put into the form 


A tfi 


fX 

r++ l/rs) 


(6-27) 


which shows that the maximum amplification, the mid-band value, 
increases with increase of amplification factor /x, coupling resistance ri, 
and grid-leak resistance r 2 , and decreases with increase of plate resistance 
Tp, Examination of Fig. 6-14 and Eq. (6-23) shows that the mid-band 
range, throughout which the amplification is independent of frequency, 
can be extended at the low-frequency end by increasing and Co and, 
less effectively, by increasing ri or Vp. Examination of Fig. 6-12 and 
Eq. (6-13), on the other hand, shows that the mid-band range is extended 
in the high-frequency direction by decreasing ri, Tp, or (72. For con¬ 
venient reference, these facts are shown in tabular form in Table 6-1, 
which lists effects produced by increasing the various tube factors and 
circuit constants. Improvement of characteristics, consisting of widen¬ 
ing of the range of uniform amplification or of increase of maximum 
amplification, is indicated by a plus sign in this table; a narrowing of the 
range of constant amplification or a reduction of maximum amplification 
is indicated by a minus sign; 0 signifies that variation of a given quantity 
has no effect upon the amplification in a particular portion of the fre¬ 
quency band. The lowering of the upper limit of uniform amplification 
listed in the bottom row of the table results from the increase of shown 
by Eq. (6-3), and so is actually included in the effect tabulated in the 
preceding row. 


Table 6-1.— Effect of Txjbe Factors and (kRcxiiT (>oNS'rANTS upon Rebistanoe- 

CAPACITANCE-GOUPLEI ) A M PLIFIER 11 KSPONBE 
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ri 
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0 

0 ! 

— 

A of following stage 

0 

0 

— 


The improvement of low-frequency response resulting from increase 
of Cc, and the effect of decrease of ri upon the upper limit of uniform 
amplification and upon amplification throughout the whole frequency 
range, are clearly shown by Fig. 6-15. 
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The value of C 2 for any stage of an amplifier can be readily determined 
experimentally by the aid of Fig. 6-12 [or Eq. (6-18)], the tube of the 
following stage being used as a vacuum-tube voltmeter to indicate the 
output voltage^ (see page 597). The voltmeter tube is first biased to 
cutoff. The input to the stage under test is then applied and adjusted 
to give a convenient small value of plate current of the voltmeter tube 
at some frequency within the mid-band range. The frequency is then 
raised until the input voltage must be increased in some convenient 
ratio at constant output voltage, as indicated by the current of the volt¬ 
meter tube. The value of corresponding to the voltage ratio may 
be read from Fig. 6-12; and, since the frequency is known and rn may be 
computed, C 2 may be found. A convenient input voltage ratio is 1.41, 
for which ojrhCz is unity. A separate vacuum-tube voltmeter may be 
used in place of the following tube if correction is made for the voltmeter 
capacitance and conductance. 

6-7. Practical Considerations in the Design of Resistance-capaci- 
tance-coupled Audio Amplifiers.^^ —study of Table 6-1 reveals that the 
design of a practical multistage resistance-capacitance-coupled amplifier 
must involve the compromise between high amplification and uniform 
amplification. Increasing the amplification by increasing the resistance 
of ri or r 2 results in a lowering of the high-frequency limit of uniform 
amplification. Furthermore, in a multistage amplifier, increase of the 
amplification of each stage affects the high-frequency response of the 
preceding stage adversely because of increase of effective input capaci¬ 
tance. For these reasons better high-frequency response is achieved if 
high gain is attained by the use of more stages, rather than by high gain 
per stage. The adverse effect of reduction of upon the response at 
low frequency can be compensated by an increase of Cc. A practical 
limit to the maximum size of Co may exist because of increase of leakage 
with condenser size, which tends to raise the direct grid voltage of the 
following tube; and because of the internal inductance of certain types 
of condensers, which may resonate with the capacitance at a frequency 
within the mid-band or high-frequency range. The effect of condenser 
inductance upon the frequency response may be prevented by shunting 
the large condenser with a small one. 

Another point that must be taken into consideration in the choice 
of the coupling resistor of a resistance-coupled amplifier is the effect of the 
large direct voltage drop in the coupling resistor. This is even more 
objectionable than it is in a single-stage amplifier or in a direct-coupled 
amplifier because the a-c resistance of the coupling circuit is less than the 
d-c resistance, as explained on page 101. It can be seen from Fig. 6-16 

1 Seeley, S. W., and Kimball, C. N., RCA Rev,, 2, 171 (1937). 

2 See also Sec. 6-38. 
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that too large a value of plate coupling resistance puts the operating 
point 0 in such a location that comparatively small grid excitation extends 
the path of operation into a region of high amplitude distortion and may 
even cause the plate current to be cut off during the negative peaks of grid 
excitation voltage. The operating point 0\ obtained with a smaller 
coupling resistance Vi or higher B-s\xpply voltage, allows the application 
of higher exciting voltage without overloading. 

It is ordinarily not practicable to use plate coupling resistance in 
excess of either 500,000 ohms or five times the plate resistance. Necessity 
for uniform response at high frequency may 
require the use of considerably lower values. 

The allowable plate supply voltage is limited 
because of danger of damage to the tube, 
particularly during the warming-up period 
of the cathode, before the flow of plate 
current reduces the plate voltage below the 
supply voltage. The maximum operating 
plate voltage specified by tube manufac¬ 
turers is usually approximately half the value 
that the tube can safely stand. With pentodes, the distortion resulting 
from the low operating plate voltage in resistance-coupled amplifiers 
can be reduced by lowering the screen voltage. This lowers the plate 
current and thus raises the plate voltage. As a rule, the screen voltage 
should be approximately one-fifth of the plate supply voltage. 

There is also usually a limit to the size of the grid-leak resistance that 
can be used. With oxide-coated cathodes it is practically impossible to 
prevent small amounts of barium or strontium from being deposited on 
the control grid during manufacture or use of the tube. The tempera¬ 
ture of the control grid may become sufficiently high to allow somi 
emission to take place. The emitted electrons are drawn to the cathode 
and plate, both of which are at higher potential than the grid. The 
resulting current through the grid resistor is in the direction to make the 
grid voltage less negative. This causes the plate current to increase and 
thus raises the plate temperature and, as the result of heat radiated from 
the plate, that of the grid, B'urthermore, if the grid voltage rises suffi¬ 
ciently so that the grid is positive during a portion of the cycle, electrons 
will be drawn from the cathode to the grid. The impact of these electrons 
upon the grid also contributes to the rise of grid temperature and may 
at the same time cause secondary emission from the grid. If the num¬ 
ber of electrons leaving tlie grid as the result of primary and secondary 
emission exceeds the number entering the grid, the grid potential rises 
farther. The action tends to become cumulative, particxilarly if second¬ 
ary emission from the grid is large, and the plate and grid temperatures 



for r esist an c 0 - c ap a ci tan ce- 
coupled stage showing how low 
plate supply voltage results in 
high nonlinear distortion. 
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may become so high as to result in. damage to the tube. The action is 
complicated by ionization of residual gas in the tube, which allows 
positive-ion current to flow when the grid is negative and increases elec¬ 
tron current to the grid when the grid is positive. The direction of the 
positive-ion current is such as to cause the grid potential to rise. Posi¬ 
tive-ion current may, therefore, contribute to the initial rise of grid 
voltage. Cumulative rise of grid voltage and plate current may be 
prevented by making the resistance of the grid resistor low enough so 
that the initial rise in grid potential caused by grid emission and positive- 
ion current is small. The maximum grid-circuit resistance that can be 
safely used with most tubes having oxide-coated cathodes is I to 1 
megohm. For tubes in which the operating plate current is large, such 
as those designed to deliver large power output, the allowable grid-circuit 
resistance may be considerably lower, especially if fixed bias is used. 
Self-bias tends to prevent the cumulative increase of plate current and 
thus allows the use of higher resistance than is safe with fixed bias. The 
mavimiiTn allowable resistance is usually specified in the tube-operating 
data provided by the tube manufacturer. 

The transient response is often an important consideration in the 
design of a resistance-capacitance-coupled amplifier, particularly when 
it is necessary to amplify voltage pulses without distortion. If a very 
large coupling condenser is used in order to make amplification possible 
at very low frequencies, the time taken for the condenser to charge and 
discharge may be so great that the duration of the transient set up by 
the sudden application of steady excitation or of a voltage pulse may be 
excessive. Too large a value of the product Cji also results in another 
undesirable effect. Any temporary disturbance of high amplitude may 
cause one or more of the grids to swing positive, causing a flow of electrons 
to these grids that leaves the sides of the condensers adjacent to the grids 
negatively charged. This makes the negative grid voltage greater than 
the operating value and may even bias one or more grids beyond cutoff 
and thus reduce the amplification to zero. If the product C„r 2 is large, 
the time taken for the charge to leak off through the grid resistors may 
be so long that the amplifier is inoperative for an appreciable time. 

6-8. Design Procedure for Resistance-capacitance-coupled Voltage 
Amplifiers. —Since circuit constants suitable for use with different 
types of tubes in resistance-capacitance-coupled amplifiers are specified 
by tube manufacturers, ^ it is seldom necessary to design special circuits. 
An understanding of the correct design procedure is, however, valuable. 

The high-frequency amplification of a given stage depends upon the 
effective input capacitance Cz of the following stage, which depends in 
turn upon the voltage amplification of the latter. For this reason it is 

^ See, for instance, the .RCA Tube Manual. 
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most convenient to design the last stage of the amplifier first and to 
proceed stage by stage toward the input stage. Although the reduction 
of amplification that can be tolerated at the limits of the desired frequency 
band depends upon the purpose for which the amplifier is to be used, 
the design can usually be considered to be good if the ratios \Ah/Am\ and 
\Ai/Arr\ for the entire amplifier do not fall below 0.9. Since the values 
of these ratios for the entire amplifier are equal to the products of the 
corresponding ratios for the individual stages, the minimum allowable 
ratios for the individual stages increase with the number of stages. 

The following is a satisfactory procedure in the design of a multistage 
voltage amplifier: 

1 . Choose a tube for each stage whose amplification factor exceeds the desired 
voltage amplification of the stage. Because the grid swing of the last stage of a 
multistage voltage amplifier may be large, it is often good practice to use in the 
last stage a tube requiring a higher grid bias than that of the preceding stages, 
i.e., one having a relatively low amplification factor. (The allowable grid swing 
is usually about i to f volt less than the grid bias.) 

2 . Choose the grid coupling resistance r 2 of each stage so that it does not 
exceed the maximum value specified by the manufacturer for the following tube. 

3 . Choose the plate coupling resistances Vi. These should not as a rule exceed 
in value either the grid coupling resistances, five times the plate resistances, or 
500,000 ohms. 

4 . By means of Eq. ( 6 - 12 ), determine the voltage amplification of each stage 
in the mid-band range. For tubes with high plate resistance, this approximates 
the product of Qm and the resistance of ri and in parallel. The over-all amplifi¬ 
cation in the mid-band range should then be found and compared with the 
desired over-all amplification. 

5 . By means of Fig. 6-12 or Eq. (6-18), find the ratio \Ah/Am\ for the 
final stage at the upper limit of the desired frequency range. The effective 
capacitance across the output of the last stage (including the plate-cathode 
capacitance) should be used for If the \An/An\ is too low at this frequency, 
the output load resistance should be reduced and the amplification recomputed 
in the mid-band range and at the upper limit of the desired frequency range. 

6 . If capacitance coupling is used in the output, the coupling condeiiser Co 
should be chosen to give the required amplification at the low-frequency limit of 
the desired frequency range, as determined from Fig. 6-14 or Eq. (6-26). 

7. Using the amplification of the final stage in Eq. (6-3), find the value of C 2 
for the next-to-the-last stage. Although C 2 may be found at the upper limit of 
the frequency band, the design will be conservative if the mid-band amplification 
of the last stage is used in evaluating CV The slightly larger value of 62 found in 
this manner will correct in part for the failure to take into account distributed 
circuit capacitances. 

8 . Apply steps (5), ( 6 ), and (7) to the next-to-tbe-last stage and, in succession, 
to the preceding stages, using in each stage the value of C 2 found from the mid- 
band amplification and interelectrode capacitances of the stage that follows it. 
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It should he noted that the values of gm, and /x that are used in 
computing the amplification are those at the operating point. T. hey can 
be determined most readily graphically. The operating point is found 
from the intersection of the static operating line with the static plate 
characteristic corresponding to the grid bias. The static load line must, 
of course, correspond to a resistance equal to the sum ol all d-c resist¬ 
ances between the plate supply and the plate. When the amplifier is 
being designed on the basis of fixed supply voltage, the voltage needed 
for bias must be taken into account. As the required value of bias is 
not known until the operating point has been chosen, a tentative estimate 
must be made of the manner in which the total voltage is divided between 
the plate supply voltage and the grid bias. If the required bias turns 
out to differ materially from the estimated value, a second, more accurate, 
estimate may be made. 

As tetrode and pentode plate characteristics are usually published 
for only one screen voltage, it may be necessary to make experimental 
determinations of characteristics at other screen voltages. With pen¬ 
todes, the procedure can be simplified considerably by making use of the 
fact that, since secondary emission effects are negligible, the potential 
distribution between the cathode and the plate and the distribution of 
space current between the various electrodes are not altered when all 
electrode voltages are changed in the same proportion. Plate character¬ 
istics obtained at zero suppressor voltage and at one value of screen 
voltage can be used at another value of screen voltag^) if the plate and 
control-grid voltage scales are changed in the same ratio as the two 
values of screen voltage, and the proper change is made in the current 
scale.^ The factor by which the current scale must be multiplied can 
be determined from a curve of plate current vs, plate voltage correspond¬ 
ing to zero control-grid and suppressor voltage and to a fixed ratio of plate 
voltage to screen voltage, say 2 to 1. The conversion factor for the 
current scale is equal to the ratio of the plate currents at points on this 
curve corresponding to the original and the new screen voltages. 

When grid current is allowed to flow in a resistance-coupled amplifier, 
a part of the current that would otherwise flow through the grid coupling 
resistor flows through the tube during the portion of the cycle in which 
grid current flows. The resulting reduction in IR drop across the grid 
resistor tends to flatten the positive crests of alternating grid voltage 
and thus causes nonlinear distortion (see Tig. 5-2). 

Ordinarily the grid swing of a voltage amplifier is so small that the 
nonlinear distortion is well within the allowable value. When the grid 
swing is large, however, it may be advisable to check the final stage for 
harmonic content. By application of the graphical methods outlined 

^ IRC A Laboratory Series, No. UL-T. 
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in Chap. 4 it is possible to determine the grid bias that will give the 
greatest allowable grid swing without exceeding the allowable distortion. 
In making such a determination and in finding the maximum crest 
output voltage graphically, it must be borne in mind that grid current 
may start flowing when the grid is to | volt negative. Grid current 
therefore limits the allowable grid swing to values that are smaller than 
the grid bias. This is of particular importance in amplifiers using 
high-mu tubes, for which the grid bias is small. The maximum crest 
output voltage may be appreciably less than AEc (see Probs. 6-5 and 6-6). 

6-9. Effect of Plate Supply Filter and of Self-biasing Impedance. —In 
order to reduce the operating plate voltage of one or more stages of an 
amplifier or in order to prevent undesirable effects resulting from the 
interaction of two or more stages, it is sometimes necessary to use a 
filter of the type illustrated by the heavy lines of Fig. 6-47 in series with 
the plate coupling resistor. This will be discussed in Sec. 6-38. Increase 
of reactance of the filter condenser causes the effective coupling impedance 
of the stage to rise with decrease of frequency and thus tends to result 
in an increase of amplification at low frequency. The low-frequency 
response may also be affected by variation of self-biasing impedance with 
frequency. The increase of reactance of the condenser shunting the 
cathode resistor tends to cause the voltage amplification to fall at low 
freciuency as the result of degeneration (see Secs. 6-29 and 6-36). The 
effect is complicated by the application of the alternating voltage across 
the biasing impedance not only to the control g^rid but also to the screen 
grid. The low ratio of screen-plate transconductance to grid-plate 
transconductance ordinarily justifies neglecting the effect of the alter¬ 
nating voltage applied to the screen. In an accurate analysis the 
effects of the filter and biasing impedances must be taken into con¬ 
sideration by making use of a complete equivalent circuit that includes 
these impedances. 

Usually sufficient accuracy is obtained under the assumption that 
the effects of the filter and the biasing impedance upon the relative 
amplification and phase shift at low frequency are independent of each 
other and of the effect of the coupling condenser Cc. The resultant 
relative amplification is then the product of the relative amplifications 
indicated by the three equivalent circuits in which the biasing impedance 
and the filter impedance, the biasing impedance and the coupling con¬ 
denser reactance, and the filter impedance and the coupling condenser 
reactance, respectively, are assumed to be zero. The resultant phase 
shift is the sum of the phase shifts given by these three simplified circuits. 
By using the parallel combination of ri and for Z 2 in Fig. 4-306, the 
student may show that the relative amplification and phase shift resulting 
from only the biasing impedance is given by the equation 
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km 


M _ Vm* + {k^ + 2k + 2)m^ + (fc + 1)" . 

Am m2 + (fc + 1)' / m2 + /c + 1 


( 6 - 28 ) 


where 


jKccCm + 1) 

Tp -f riTi/in -f rs) 
— UcC^^ cc 


h = 


and Ecc and Ccc are the biasing resistance and capacitance. The student 
may also find it of interest to derive an expression for the relative ampli¬ 
fication at low frequency when only the plate-supply filter is considered, 
the biasing impedance and coupling condenser reactance being assumed 
to be zero. 

Equation (6-28) makes possible the determination of the size of the 
bias by-pass condenser that will prevent the amplification from falling 
below a given value at a given frequency. If the relative amplification 
at 50 cps, for instance, is to be not less than 0.8, and Fig. 6-14 shows the 
coupling condenser to reduce the relative amplification to 0.95 at this 
frequency, then the value of AijAm given by Eq. (6-28) must exceed 
0.8^.95 = 0.843 at this frequency. The corresponding value of by-pass 
capacitance may be found from the equation or from curves derived from 
it at various values of fc. 

A third factor that may influence the amplification is impedance 
in the screen circuit, which causes the screen voltage to vary with screen 
current. This is particularly important in amplifiers using tetrodes, 
the screen current of which varies greatly with plate voltage. B''or this 
reason it is advisable to use with tetrodes a voltage divider of low resist¬ 
ance, rather than a voltage-dropping resistor, in reducing the screen 
voltage below the plate supply voltage. A voltage-dropping resistor 
may be used with pentodes. In either case, ample by-pass capacitance 
should be provided in order to reduce the effective impedance to a low 
value at the lowest frequency to be amplified. 

6-10. Compensated Amplifiers.^—Drooping of the frequency-response 
curve of a resistance-capacitance-coupled amplifier at the lower end 
of the frequency range can be prevented by shunting a portion of the 
coupling resistor ^x with a condenser, as shown in Fig. 6-17a. This causes 
the coupling impedance to rise at low frequency and thus compensate 
for the loss of gain resulting from the voltage-dividing action of the 


1 Lane, H. M., Proc. 26, 722 (1932); Robinson, 0.1)., Proc. 21, 833 

(1933); Beardsall, J., Television and Short-wave World (London), 6, 95 (1936); 
Walker, L. E. Q., Television and Short-wave Worlds 9, 305 (1936); Sbeley, S. W., and 
Kimball, C. N., RCA Rev., 2, 171 (1937); Nagy, P., Television and Short-wave World, 
16, 160, 220 (1937); Freeman, R. L.,«and Schantz, J. D., Electronics, August, 1937, 
p. 22; Everest, F. A., Electronics, January, 1938, p. 16, May, 1938, p. 24, 
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coupling condenser and grid leak. In this manner low-frequency 
amplification can even be made to exceed the mid-band value. With 
the circuit of Fig. 6-176 the amplification can be made to increase at 
high frequency relative to the mid-band amplification at the expense 
of mid-band and low-frequency amplification. A similar effect is 
obtained by the use of low by-pass capacitance across the cathode self¬ 
biasing resistor. 

The high-frequency response of a resistance-coupled amplifier can 
be greatly improved by the use of inductance in series with the plate 



Fig. 6-17.— a. Use of capacitance across a i^ortion of ilio c()ui>ling rosistauco to improve 
low-frequency response, h. Use of resistance shunted by capacitance in series with the 
plates to improve high-frequency response, c. Use of indiudance in sories with the plate 
coupling resistance to improve higli-frequoricy response. 


coupling resistance, as shown in Fig. 6-17c. The inductance L is chosen 
so that it resonates with the effective input capacitance of the following 
tube in the vicinity of the frequency at which the amplification would 
otherwise start to fall appreciably. In this manner the high-frequency 
limit of the range of uniform response can be raised considerably and, 
if desired, the high load impedance resulting from parallel resonance 
can be made to produce a high-frequency peak in the response curve. 
It follows from the discussion in Sec. 6-6 that, in order to ensure uniform 
response up to very high frequency, the ratio of and tp to Zi must be 
large in amplifiers using high-mu tubes. ^ Under this assumption, the 
student may derive the following relations for the mid-band and high- 

>> zi because rp is large in Mgh-mu tubes and Zi must be relatively small in 
order to ensure adequate amplification at high frequencies, must be large in order 
to ensure adequate amplification at low frequencies without excessively large Cc 
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frequency nmpliScation and ph.ee shift of the eompensaled amplifier 
of Fig. 6-17c (see Prob. 6-8). 

Am ” QmTl 


Ah — At, 


+ 

(1- 

K)- 

^ + K^(- 

V 

\ 312 

-) 

( 

(- 

h 

1_I 

2 

1 -1 

" 2 


h 


where 


y = tan“^ 


(1 ^ j^) i!i -H 
COw 

1 
L 


(")1 

\««/ J 


K = 


ri^C: 


(6-29) 

(6-30) 

(6-31) 

(6-32) 

(6-33) 


2 


oj„ is defined by Eq. (6-32) as the frequency at which the reactance 
of the shunting capacitance C, is equal to the coupling resistance ri. 
Curves of \Au/A„\ and of y for several values of K are shown ui Fig. 6-18 
as a function of «/co„. The great improvement resulting from the use of 
compensating inductance is evident from a comparison of the curves 
for K = 0.41 or 0.5 with those for A = 0, corresponding to an uncom¬ 
pensated amplifier. It can be seen from Eq. (6-32) that the frequency 
cou, beyond which the amplification falls rapidly, can be increased at a 
given value of Cs only by decreasing n, which also reduces the mid-band 
amplification. There is a limit, therefore, to the frequency lange over 
which the amplifier can be made to have uniform response. 

The compensating circuits of Figs. 6-17a and 6-1 1 c are used in 
a,i]Qpli_66rs for cathode-ray oscilloscopes and in video amplifieis foi 
television, in which uniform amplification is essential over a frequency 
band extending from low audio frequencies well into the radio-frequency 
range. 

6-11. The Cathode-follower Amplifier.—The amplification of a 
stage of a resistance-coupled amplifier begins to fall oil appreciably in 
the high-frequency range at a frequency at which the reactance of the 
input capacitance of the following stage becomes less than about three 
times Th, the effective output impedance of the given stage, defined by 
Eq. (6-13). Uniform response of a conventional multistage amplifier 
over a wide frequency band therefore requires that the effective output 
of each stage be low, and the effective input capacitance small. Although 
the required small effective input capacitance can be attained by the use 
of pentodes, the output impedance of a pentode stage is very high unless 
the coupling resistances are made so small that the stage amplification is 
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reduced to a low value and that there is likelihood of excessive distortion 
as the result of curvature of the transfer characteristic. Considerable 
improvement results from the use of two or more high-gain stages, prefer- 
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Fia. 6-18.—Generic curves of high-frequency relative amplification and relative phase 
Jj 

shift at five values of K « inductance-compensated resistanco-capacitanco- 

coupled amplifier. 


ably using pentodes, separated by very-low-gain triode stages in which, 
low input capacitance and low output impedance are attained by making 
the coupling resistances small. Although the low-gain stages that pre- 
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Fia. 6-19a,—Basic circuit of the cathode- 
follower amplifier. 



Fia. 6-196.—Equivalent plate circuit of the 
cathode-follower .amplifier. 


cede and follow the high-gain stages may contribute little or nothing to 
the over-all amplification, they make possible higher uniform amplifi- 
fication over a given wide frequency band than can be attained in the 
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conventional multistage amplifier. Unfortunately, however, the use of 
low resistances in the plate circuits of the stages that precede and follow the 
high-gain stage still causes the curvature of the transfer characteristics of 
these stages to be high and thus results in high nonlinear distortion. 
This difficulty can be avoided by using in these stages the cathode- 
follower amplifier shown in basic form in Tig. 6-19o.i this amplifier 
the plate load resistor is adjacent to the cathode and also forms a portion 
of the grid circuit, so that the output voltage, in addition to the input 
voltage, is impressed upon the grid circuit. Although the cathode- 
follower amplifier has a voltage amplification that is less than unity, it has 
low effective input capacitance, high input impedance, low output 
terminal impedance, and low nonlinear distortion. 

6-llA. Voltage Amplification of the Cathode-follower Amplifier.— 
Figure 6-19b shows the equivalent plate circuit of a cathode-follower 
amplifier with impedance load Zb. (Since the heater and the negative side 
of the plate supply voltage are usually grounded, the heater-to-cathode 
capacitance Chk, which ranges from 5 to Ifi/r/xf) is usually in parallel with 
Cpk). The load Zb includes r and any external load, coupling, or wiring 
impedances that may shunt or replace r. Solution of the equivalent 
circuit shows that the voltage amplification is 


A = 


Qk'^p " 1 “ 


(6-34) 


ju(_Cck -f Cpk -h Chk)’>'pZb + rp -h (/X + 1)Z(, 

At values of r or Zb that are usually used, the effect of intcrelectrode and 
wiring capacitances upon the voltage amplification is negligible at 
frequencies below about 1 me. Equation (0-34) then reduces to 


Examination of Eq. (6-34^4) shows that A approaches tlie limiting 
value ix/{ix + 1) as the ratio of Zb to rp becomes infinite. Curves of A vs, 
n/fp derived from Eq. (6-34A) for nonreactive load at several values 
of IX are shown in Eig. 6-20a. For values of /x and found in ordinary 
tubes, A is of the order of 0.9 or higher when u is equal to 10,000 ohms. 

Figure 6-21 shows a resistance-capacitance-coupled cathode-follower 
amplifier stage. C 2 is the sum of the effective output capacitance of 
the given stage (approximately Cj,/c + O.lC^/c) and the effective input 
capacitance of the following stage. The voltage amplification at frequen¬ 
cies in and above the mid-band range can readily be found from Eq. 


1 Preisman, a., RCA Rev., 2,430 (1938); Lockhart, 0., Televimon and Short-wave 
World, 13, 492 (1940); Williams, E., Wireless World, 47, 176 (1941); Hanney, E. A., 
Wireless World, iS, 164 (1942); Nordica, C. F., Radio, August, 1942, p. 28; Lock¬ 
hart, C. E., Electronic Engineering (London), 16, 287 (December, 1942), 16, 375 
(February, 1943), 16, 21 (June, 1943); Richter, W., Eketronks^ November, 1943, 
p. 112; Shapiro, D. L., Pm. LR.E., 32, 263 (1944). 
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(6-34) if it is noted that the load is the parallel combination of Ti, 

and Cs. In the mid-band range the effect 
of C 2 is negligible and Zh is the resistance of 
Ti and r 2 in parallel. The mid-band ampli- 
fication can therefore be determined from 
1 Fig. 6-20a by using rir 2 /(ri + T 2 ) for r*. 

^ i __||—^ -- Analysis of the equivalent circuit shows that 

I In r 2 f =02 fh© amplification at frequencies above the 

I f f mid-band range is 


Fig. 6t-21.—Resistance- 
capacitance coupled cathode- 
follower amplifier stage. 

where 


gm + lAp + l-Ai +1/^2 + jiJoC^ 

= r+7i'c. 


■where Am = gmu' (()-34C') 

n' = n/igmrh + 1) {()-34l>) 

and Tk is defined by Eq. (6-13). 

At frequencies below the mid-band range the voltage arnplilieatioir i« 


Ai ~ An 


JMi'Cc 


where 


H- 1) + riVp -b r-iTp 

Tp + ri{n + 1 ) 


(6-34A') 


(()-34A) 


The relative amplification and phase shift at low frequencies can evi¬ 
dently be found from Fig. 6-14 by using ri in place of n. 

Equation (6-34B) differs from Eq. (6-15) only in that r*' replaces r*. 
Hence the relative amplification and the relative phase shift at fre¬ 
quencies tibove the mid-band range can be determined from Eqs. (6-16) 
and (6-17) or the curves of Fig. 6-12 if r*' is used in place of n. It 
follows that, at any value of Ah!A m, for a cathode-follower stas;o 

is equal to urhCi for a conventional stage. Since tk is normally much 
smaller tlj.an n, the product of the effective capacitance Cj and the upper 
limiting frequency of uniform response is much greater for a cathodti- 
follower stage than for a conventional stage. A considerably hif;her 
frequency limit may therefore be attained with a cathode-follower 
stage, even when the stage is followed by a high-gain stage having a 
larger value of effective input capacitance. If, for example, Ci = 2fS0 
M/xf, ri = 10,000 ohms, ri = 100,000 ohms, and the tube is a 6J5 operat.eci 
at normal voltages, the response of a cathode-follower stage is flat to 
approximately 500 kc. A conventional amplifier using the same tul)c 
and circuit constants has a mid-band voltage amplification approxi¬ 
mately 12 times as great, but is flat to only approximately 42 kc. 
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The gain of the cathode-follower amplifier is down 3 db, relative 
to the midband gain, at 1.8 Me, whereas that of the conventional 
amplifier is down 3 db at only 152 kc. 

6-llB. Effective Input Capacitance of the Cathode-follower Amplifiier. 
Examination of Fig. 6-19a shows that the interelectrode-capacitance cur¬ 
rent flowing through the source of Vg is made up of a component that 
flows through C„j, and a component that flows through Cgk- Ihe former 
component is equal to 7„icoC„p. The latter component is caused to flow 
by the vector sum of V„ and the voltage across r, which is equal in magni¬ 
tude to AYg and is opposite in phase to Vg. Hence this component of 
current is equal to 71,(1 — A)juCgk, and the total current through the 
source is ja)7„[C„ -h (1 - A)Cgkl The effective input capacitance is 

Ci = Cgp -t- (1 - A)Cgk (6-35) 

When Zb is zero, A is also zero and C* has its maximum value, Cgp + Cgk. 
In many circuits A approximates 0.9 and Ci has the approximate value 
Cap -h O.lCgk. Comparison of Eqs. (6-35) and (4-13) shows that the 
effective input capacitance of a cathode-follower stage is very much 
lower than that of an ordinary amplifier stage. The grid-plate capaci¬ 
tance of voltage-amplifier pentodes is of the order of 0.005 ixfd and the 
grid-cathode capacitance of the order of 6 ma*!- Hence very low effec¬ 
tive input capacitances may be obtained with such tubes. 

6-llC. Effective Output Terminal Impedance of the Cathode-follower 
Amplifier. —The effective output terminal impedance or admittance can 
be determined by finding the current that flows as the result of applica¬ 
tion of an alternating voltage 7 to 
the output terminals, as shown in 
Fig. 6-22a. Under the assumption 
that the circuit is linear, i.e,, that 
the equivalent plate circuit is valid, 
any current flowing in the plate cir¬ 
cuit as the result of application of 
additional exciting voltage to the _Circuit for the dWermina- 

grid circuit is independent of the cur- tion of output terminal impedance of the 

rent that flows as the result of 7. oathode-followor amplifier, (a) Actu^ 

. . ,, cuit: Cb) equivalent plate circuit. 

The gnd-excitation voltage may 

therefore be assumed to be zero and the grid circuit to contain only the 
internal impedance Zc of the source of grid-excitation voltage. 

It can be seen from Fig. 6-22a that the output terminals are shunted 
not only by the plate-cathode path of the tube, but also by r, by Cpk and 
Chk, by the parallel combination of Cgp and Zc in series with Cgkj and by any 
external load or coupling circuits connected between the terminals. If 
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the output admittance of the tube itself is known, it may be added to the 
admittances of any or all of the other paths to find the resultant admit¬ 
tance. The effective admittance of the tube alone is seen from the 
equivalent circuit of Fig. 6-22h to be 

h_{V + 


Yo 


V 


r^V 


(6-36) 


The alternating grid voltage Eg is equal to the impressed voltage V less 
the voltage drop through Zc resulting from the flow of current through the 
grid-cathode capacitance C„k- Since the capacitance of Cgk is of the 
order of 4 its reactance is about 40,000 ohms at 1 megacycle. If Zc is 
nonreactive and less than about 10,000 ohms in magnitude, the alter¬ 
nating grid voltage Eg exceeds 0.97F at frequencies below this value. 
Little error then results from assuming that Eg is equal to V, and Eq. 
(6-36) becomes 

Yo = (6-37) 


The reduction of Eg resulting from impedance drop in Zc at high fre¬ 
quencies when Zo is large reduces Yo below the value given by Eq. (6-37). 
This effect is, however, usually small or entirely absent. 

Equation (6-37) shows that the output terminal admittance of the 
tube is* somewhat greater than the transconductance. Actual values of 

are large enough so that the output terminal impedance Zoj i.e,, the 
reciprocal of To, may be smaller than 170 ohms with single tubes and does 
not exceed 1000 ohms under the assumptions made in the derivation of 
Eq. (6-37). In many applications the admittance of the load and of the 
capacitances that shunt the output terminals are so small in comparison 
with the tube admittance Yo that they have little effect upon the resultant 
admittance. Equation (6-37) then gives a close approximation to the 
over-all admittance. The interelectrode capacitances and cathodc-to- 
ground wiring capacitance may begin to have an appreciable effect upon 
the resultant output admittance at frequencies above a few megacycles. 

6-llD. Cathode-follower Amplifier Circuits and Applications,- 
Figure 6-23 shows three practical cathode-follower circuitB in which the 
grid bias can be adjusted to the correct value when r exceeds the value 
required to give the correct grid bias. The resistance r' should be large 
in comparison with the reactance of C at the lowest frequency to be 
amplified. The input conductance of circuit (6) is (1 — Ar^/r)/r', 
where u is the portion of r below the tap. Circuits (a) and (c) are prefer¬ 
able to circuit (6) when high input impedance is of primary importance, 
but adapt themselves readily to use only as input stages. 

An amplifier incorporating cathode-follower stages is shown in Fig. 
6-24. The low effective input capacitance of the cathode-follower stage 
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Tz prevents falling off of amplification and large shift in phase of the 
output of the preceding high-gain stage at high frequencies. The low 
effective output impedance of the cathode-follower stage Tz prevents 
the input capacitance of the following high-gain stage Ta from causing the 
amplification to fall off at high frequencies. The combined use of the 
cathode-follower stages and inductance in the plate circuits of the high- 
gain stages makes possible uniform amplification throughout a frequency 



Fig. 6-23.—Cathodo-follower amplifiers with bias adjustment. 


range extending from low audio frequency well into the radio-frequency 
range. 

The use of the cathode-follower stage Ti in the amplifier of Fig. 6-24 
illustrates another important application of the cathode-follower ampli¬ 
fier. If the input were connected directly to the grid of the high-gain 
stage T%j the high effective input capacitance of this stage might react 
unfavorably upon the source of the input voltage at high frequencies. 
Although the input stage Ti actually reduces the over-all amplification 
slightly, its high input impedance is a distinct advantage in many appli- 



tFiG, 6-24.—Four-stago amplifier incorporating (satliode-followor input and coupling stages. 

cations, as in cathode-ray oscilloscopes (see Sec. 15-21), which must meet 
the requirement that negligible current be drawn from the source of input 
voltage. A second advantage of the cathode-follower input stage may 
result from its ability to handle large input voltages without overloading. 
This is so because the alternating grid voltage is equal to the difference 
between the impressed voltage and the voltage across r, which is almost 
as great as the impressed voltage. A cathode-follower stage is also used 
to advantage as the last stage of an amplifier when the output voltage 
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must be made independent of external impedance connected across 
the output terminals of the amplifier. Since Zo may readily be made as 
low as a few hundred ohms, the output voltage will be practically unaf¬ 
fected by impedances of the order of several thousand ohms or more 
shunted across the output. 

The high input impedance and low output impedance of a cathode- 
follower stage also make possible its use in place of an impedance-match¬ 
ing transformer in matching a high-impedance line or network to a 
low-impedance line or network. The input impedance can be made to 
have any desired value within a wide range by means of impedance shunt¬ 
ing the inppt terminals. The output terminal impedance can be made to 
have the desired value by proper choice of the tube and by adjusting the 
transconductance by means of the grid bias. The advantage of the 
cathode-follower amplifier over an impedance-matching transformer is 
that it is unaffected by changes of frequency over a very wide range of 
frequency. It will be shown in Sec. 6-1 lE that a disadvantage of the 
cathode-follower amplifier in impedance matching is that relatively little 
power or current can be developed in the load without e.\cessive amplitude 
distortion. 

I The fact that the output voltage of a cathode-follower stage is in phase 
with the input voltage, rather than in phase opposition' as in the ordinary 
type of resistance-capacitance-coupled stage, is occasionally useful. 

6-llE. Design of Cathode-follower Amplifiers. —The cathode-follower 
amplifier is a form of inverse-feedback amplifier, which will be discussed 
in detail in Secs. 6-29 to 6-37. It will be shown in Secs. 6-30 to 6-32 that 
distortion may be low in inverse-feedback amplifiers. The curves of 
Fig. 6-206 show the ratio of the distortion factor of a cathode-follower 
amplifier to that of an ordinary single-stage amplifier having the same 
tube and load. The curves show that this ratio is low for high values 
of amplification factor. It should be borne in mind, however, that 
high-mu tubes have high plate resistance. Since low load impedance is 
desirable in order to minimize the effect of interelectrode cai)a(!itancos at 
high frequencies, the use of a high-mu tube may re.sult in a low ratio of 
load impedance to plate resistance, which is favorable to high nonlinear 
distortion. For this reason it may be desirable in high-fre(iucn<!y circuits' 
to use power pentodes, or triodes having only medium valu<\s of amplifica¬ 
tion factor and relatively low plate resistance, such as the 6,15. 

In order to avoid excessive distortion as the result of grid-circuit 
overloading (see Sec. 5-3), the grid swing must be kept lews than the bias. 
The ratio of the crest input voltage to the grid swing is given by the 
equation 

»Both voltages are measured relative to the common terminal (lower tc-miirmls 
in Fig. 6-19o). 
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V am _ (1 + fc + 

Efjni, /C 4" 1 


(6~38) 


where k = Th/rp. The maximum allowable Egm is Ec, which, in tri()<i(\s, 
is roughly Eha{k + l)/fx{k + 2) (see Eq. 7-19). Hence, for triodes, 


j\'lax. "P' gm 


= f + /c( m + 1 ) ^ 
k + 1 ' 


L+ + 1) /r 
m(F+“2) 


((>-39) 


Curves of Max, Vym/Euo vs. n/vp are sliown in Fig. ((5-2()c) for various 
values of ju. Figure ()-2()e shows that large values of input voltage can be 
used if IX is low and n/rp is high. Since, as already x)ointed out, low is 
desiral)le, high fb/fp recpiircs low which is also obtained in low-iiui 
tubes. The ()J5 ttil>e, used with a lOjOOO-ohm load resistance, (;an handle 
a crest input voltage ecpial to approximately It can be seen from 

Fig. 6-2()c that use of a tube with higher g, such as the 6SF5, gives some 
decrease in allowable input voltage. The higher mu tul)e has the dis¬ 
advantage, moreovcu’, of reciuiring a much larger load resistance. 

It was ])ointed out in Sec. G-llB that very low values of effecti\ui 
in|)ut ca|)acitarice can be ol)tained in a cathode-follower amplifier by usiiig 
a voltage-amplifier pentode. The low allowable input voltage of such a 
tul)e may, however, offset the advantage of low input capa(;itancc\ 
E(|\iation ((>-37) sliows that low outi)ut irap(Hlanc‘,e is ol)tained with tubes 
having liigh transcionduetance. 

In (^loosing r, it sliould Ix^ bonu^ in mind that a low value is d(^Hirable 
iti order to minimiyje i.lu' effe(‘.t of tul)e capacitaiu*-es and in order to 
])revent large dir(K!t voltage drop in the resistaman A high value is 
desirable, on tlie ot.h(U’ hand, in ordcu* to make |)osHil)le high excitation 
without excessive nonlinear distortion and in ordcvr to make the amplifi- 
(‘ation nearly unity. The best value in a given amplifier will depend 
upon whicdi of tliese facvtors is tlui nrost important in the application for 
which tlu‘, ami)lifi(^r is d<^signed. A value of a|)proxiTnat(dy 10,()()() olims 
is satisfa(;to:ry in many ap|')lications, and there is usually little or no 
advantage in the us(i of larger valiums. 

When a (*athode-follow(U'’ amplifier* is uscxl in irn|)edanc(!'. matching, 
thc^. load resistor r is ne(*.c^ssary only if the external load does not provide 
a path for tlie direct |)late curremt. The external load is then matched 
wlien its adinittarua^ is (upial to tlu^ result.ant admittance of the tube and r. 
Often, liowever, r is unnec^essary, or the effective out|;)ut irnpedan(‘.e of 
the tube is so small in (u)mparison with r that the external load is nearly 
matched when its admittance is eciual to the tube admittance, as given 
by Eq. (6-37). Then 


U 

Tp 


1 


(I + g) 


(6-39A) 
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where Zl is the impedance of the external load. The dashed lines in 
Figs. 6-20a, 6, and c show values that satisfy this relation when the load 
is nonreactive. It can be seen from Fig. 6-20c that, except at very low ii, 
the ratio of load resistance to plate resistance and the allowable input 
voltage are both very low. Figure 6-206 shows that the reduction of 
nonlinear distortion resulting from inverse feedback is also small. Non¬ 
linear distortion may, therefore, be excessive unless the input amplitude 
is much smaller than the value found from Eq. (6-39) or Fig. 6-20c. 

Although the crest input voltage that may be impressed without grid 
overloading may be made of the order of one-fourth the plate supply 
voltage by the use of a high-transconductance, low-mu tube, such as the 
2A3, the high nonlinear distortion resulting from low ratio of load imped¬ 
ance to plate resistance may still be large unless the input amplitude is 
small in comparison with this value. This may present a problem if the 
source cannot be shunted with a voltage divider. The problem may 
sometimes be solved by the use of two cathode-follower stages in suc¬ 
cession. The first stage uses a tube that can handle a large input voltage, 
such as the 6J5. The second stage, which uses a high-transconductance 
tube, is matched to the load, the input voltage to this stage being adjusted 
to a sufiiciently low value by means of an adjustable tap on the load 
resistor of the first stage. The low allowable grid excitation of a cathode- 
follower matching stage imposes a limitation upon the power and current 
that can be delivered to the load. This disadvantage is not avoided by 
the use of the two-stage circuit, since the first stage merely makes possible 
the reduction of excitation of the matching stage without the use of a 
voltage divider across the input source. 

6-llF. Filter-type Wide-band Amplifiers.—Another type of wide¬ 
band amplifier that has proved very useful in television is the filter-type 
amplifier, in which complex band-pass filters are used to couple stages. 
The analysis and design of such amplifiers is beyond the scope of this 
book.^ 

6-12. Transformer-coupled Audio Amplifier. Preliminary Analysis. 

The analysis and design of the transformer-coupled audio-frequency 
amplifier are complicated by the action of distributed winding capaci¬ 
tance, which reduces the amplification at high frequency because it 
shunts the output, and may increase it over some portion of the frequency 
range as the result of resonance with leakage inductance. Before 
analyzing this type of amplifier rigorously, it is instructive to make a 
qualitative study of its behavior at low, intermediate, and high audio 
frequencies. 

1 See, for instance, H. A. Wheeler, Proc. LR.E., 27, 429 (1939). This reference 
contains a bibliography of 21 items. 
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1. Amplification at Low and Intermediate Frequencies. —Below a few 
hundred cycles the reactance of the distributed 
capacitance of the windings is so high (approxi¬ 
mately 10® ohms) that its effect may be neglected. 

In Class A1 amplification the admittance of the 
following tube is also negligible. The secondary 
of the transformer may therefore be considered 
to be unloaded. The equivalent circuit, neglect¬ 
ing the small core losses, is that of Fig. 6-25. 
zx, the primary impedance, is equal to ti + iwLi, 
where Li is the total primary inductance. The magnitude of the voltage 
induced across the primary is 


Pi<3. 6-25.—Simplified 

equivalent plate circuit of 
a transformer-coupled au¬ 
dio-frequency stage at low 
aiid mid-band frequencies. 


li?x! 


fj^Eg icoLi 
Tp + Zi 




coLi 


+ “H oFLF 


The magnitude of the secondary voltage is 


m - 


nyiB^ 


{/X 


C-#) 


(6-40) 


(6-41) 


where n is the ratio of secondary to primary turns. The magnitude of the 
voltage amplification of the stage is 


1^1 


i^.ii 


ng 




(6-42) 



As 0 ) is increased \A\ increases, approaching the limiting value n/x. The 

curve relating low-frequency amplification 
with fre(|uency is of the same form as the 
upper curve of Fig. 6-4 (the scale of ordi¬ 
nates bc3ing multiplied by n). The fre- 
(pioncy at whicli \A | approaches the value 
Ufx goes down as the ratio Li/(rp + ri) is 
increased and may be below 100 cps in a 
well-designed ami)lifier. Equation (6-42) 
shows that the loss of amplification at low 
frequency is the result of falling of the primary reactance with frequency, 
2. Amplification at High /'Vcr/uency.—When the frequency becomes 
so high that the distributed capacitance cannot be neglected, the circuit 
approximates that of Fig. 6-26, in which represents an equivalent 
capacitance replacing the primary, secondary, and interwinding capaci¬ 
tances of the transformer and the input capacitance of the following tube; 


Fia. ( 1 - 26 .—Simplified tuiuiva- 
lont plato circuit of a tranaformor- 
couiilod audio-frequoiicy stage at 
high frequency. 
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Le is the total equivalent leakage inductance; and n, is the total equivalent 
winding and plate resistance, all quantities being referred to the second¬ 
ary. The voltage applied to the grid of the following tube is that across 
the condenser. The magnitude of the voltage amplification is 

1^1 _ 1-^21 _ ___ /p 

\Egi[ ^ __ 1/ooCc)^ 

This has a maximum value at approximately the frequency that makes 
the reactive term under the radical zero. The voltage amplification at 
resonance is therefore approximately 

Ar= (L.t^ (0-44) 

yCe re 

By proper design it is possible to make the factor \/~Le/Ce/r<i approxi¬ 
mately equal to unity, so that there is little rise in amplification becuiuse 
of resonance, and the amplification is substantially constant up to 
10,000 cps or higher. 



Fig. 6-27.—Frequency-response curve of a transformer-coupled audio-froquoncy ainpUfier. 

Equation (6-43) shows that A falls above resonance frequency. Both 
the factor oiCe, outside of the radical, and the factor «L„, under the 
radical, increase with frequency, so that the amplification eventually falls 
to zero. Physically, the increase of wC. is associated with the shunting 
effect of the distributed capacitance, and the increase of uL„ with tlie loss 
in voltage in leakage reactance. Figure 6-27 shows the frequency- 
response curve of a typical transformer-coupled amplifier. 

6-13. Transformer-coupled Audio Amplifier. Rigorous Analysis.- 
Figure 6-28 is an equivalent circuit that closely represents a stage 
of transformer-coupled amplification. The assumptions are made that 
the distributed capacitances of the primary and secondary and between 
primary and secondary may be replaced by lumped capacitancc.s Ch, 
C 2 , and C 12 . is an equivalent resistance to take account of the 
hysteresis and eddy-current core losses. ri and r-z are the primary and 
secondary resistances. Li and Li are the total primary and secondary 
inductances, and M is the mutual inductance between windings. Since 
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the purpose of the following discussion is primarily to make a qualitative 
analysis that will point out the principal characteristics of a typical 
amplifier and how they are influenced by circuit and tube constants, it 
will be permissible to make certain simplifying assumptions that would 
not be valid if exact results were required. An excellent complete analy¬ 
sis based upon an equivalent circuit that shows the primary and secondary 
leakage inductances has been made by Koehler.^ For a complete anal- 



Fiu. G-28.—C()iiiploto o(iuivalcnt plate circuit for a ntago of a tratusfornior-couplod aucUo- 

froquency amplifier. 


ysis and a discussion of design problems, tlie reader should refer to 
Koehler’s paper. 

The primary distributed capacitance Ci and the plate-to-cathode 
capacitance (7,,* may be neglected in an approximate analysis, since the 
impedance corresponding to Ci + Cpk is much higher than other imped¬ 
ances in parallel with it. Cvi may be reidaced by an equivalent capaci¬ 
tance Cl in parallel with Ci. (Below resonance irrimary and secondary 
terminal voltages are approximately in phase or 180 degrees out of phase, 
and their amplitude ratio is n. Under this condition the value of Ci 
that will cause the same secondary cur¬ 
rent as Ci 2 is Cii{n ± l)/n. In the 
vicinity of resonance the phase of the 
secondary terminal voltage shifts, and 
the magnitude becomes greater, so that 
Cl changes.) Y^i may be neglected in 
comparison with the very much higher 
admittance of the distributed capacitance, 
and Cl and Ci replaced by a single ocpiiva- 
lent capacitance O',,. ri and r„ may be replaced by a single resistance ri'. 
r.i,,, is high enough so that it may be neglected in an approximate analysis. 
With these simplifuiations the circuit of Fig. 6-28 may be replaced by the 
less complicated equivalent circuit of Fig. 6-29. 

The following equations are obtained from the network of Fig. 6-29: 

7i2i H~ hjctjM — jU'Sffi (6-45) 

hzi + hMI = 0 (6-46) 

“ Koehler, Olknn, Pro<-. I.R.E., 16 , 1742 (1928). 



Fia. (1-21). H ini)Hfiod oc;tuiva¬ 
lent plate eircuit for a »tago of 
t r a n H f o r i n c r - o o u p 1 e d a u d i o - f r e- 
(luen ay amplification. 
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where 


7 JL 

Egi _ ^ 

Eg\ E„l 


3 ^ = n' + jcoLi and za = ra + j ioiL^ 


The solution of Eqs. (6-45) to (6-47) yields the relation 

j __^_ 

~ C^i(za -f- 


(6-47) 


(6-48) 


(6-49) 


a1 = ~ 


CeZiCzi + M^coYza) 


(6-50) 


Since the polarity of the secondary voltage depends upon the rclatiA'e 
directions of winding, the minus sign in Eqs. (6-49) anti (6-50) may ho 
dropped. 

The coefficient of coupling k is defined by the equation 


■s/LiLi 


(6-51) 


If the leakage inductance is small or proportional to tlu^ nuinbtw of tunus, 


7 _ -^2 ( 

Li--, ( 

Substituting Eqs. (6-48), (6-51), and (6-52) in Eq. (6-49) gives 

^ ^^. ..______ ( 

Ccin' + j<.L{) [ra -t- j (o>L, - Jr) -f- J 


((>-52) 


((W3) 


1. Reponse at Low Frequency.—At frequencies below 2()()() or 3()()C) (‘i)s 
the term l/oiCe is so much larger than the other terms of the Hec'.ond factor 
of the denominator of Eq. (6-53) that the other terms may be neglected 
and Eq. (6-53) simplified to 


Ti + jo)Li 


((:)-64) 


For a typical well-designed audio transformer, k is about ().998, so tliat 
Eq. (6-54) may be further simplified to 


Uf. 

Ti -f JOlLi 


(6-55) 
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As the frequency is increased from a low value, Ai increases, approach¬ 
ing the limiting value n/z, and the phase of the output voltage approaches 
that of the excitation voltage. This limiting value may be attained at a 
frequency of 100 cps or less and maintained up to several thousand cycles 
or more. As in the analysis of resistance-capacitance-coupled amplifiers, 
it will be called the mid-band amplification and will be represented by the 
symbol Am. 


II 

(6-56) 

The substitution of Eq. (6-56) in Eq. (6-55) gives 


Ai _ jo)Li ___ (aLi j 

Ar„ n'+jcoLi ‘ ^ 

(6-57) 

where 


r/ 

6 = tan”^ -ir- 

(j)Li 

(6-58) 


<j> is the angle of the phase shift of the output voltage relative to the mid¬ 
band phase of the output voltage. (In the mid-band frequency range. 



Fig. 6-30."—Gonoric curvcsa of roUitivo anii)lifinatioii and rolativc phaso ahift for transformer- 
coupled auclio-frequoixcy ampUfiiers at low frequency. 


the output voltage is either in phase with or 180 degrees out of phase 
with the input voltage,) The magnitude of the ratio of the low-frequency 
amplification to the mid-band amplification is 


Ai 

A m. 


ooLi ^ 


cos <l> 


(6-59) 


Figure 6-30 shows curves of jAz/Amj and <!> vs, wLi/r/ derived from 
Eqs. (6-59) and (6-68). 

At first thought, a maximum value of A might be expected at or near 
the natural resonant frequency of the secondary. That this is not true 
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results from the close coupling between primary and secondary. The 
value of A at the natural frequency of the secondaiy can be lound l)y 
substituting = l/LsC.in Eq. (6-50) and combining it with Eqs. (6-51) 
and (6-52). This gives 


A = 


UfX 


kL^ 




k 


(()»() 0 ) 


The values of resistance; inductance; and distributed capacitance of 
audio transformers are such that the first and third terms of Eq. (6-60) 
are negligible in comparison with k, so that A = n/z/fc. Sin(‘.c k is prac¬ 
tically unity, A is approximately equal to nix^ the mid-band anii)lification. 

2. Response of Transformer-coupled Amplifier at High FT(]qum,eAf—k% 
frequencies above 1000 or 2000 cps, coLi is so much larger than r/ that 
(r/)*'^ may be neglected in comparison with With this a])proxima- 

tion, Eq. (6-53) may be put into the form 

.___ ....... 

+ kW +i[(uL2(l - k:^ ~ l/coCVIS ^ ^ ^ 

The factor (1 — ¥) is called the leakage factor. When tlu^ Icuikage 
inductance is small or proportional to the number of turns, 

(1 - k^)L2 = Ls + = L, (6-62)' 

Ls and Lp are the secondary and primary leakage indiKdaiua^s, and L, 
is the total equivalent leakage inductance, referred to the s(HH)ndary. 
Since k is very nearly unity, the total equivalent resistantHi of the wind¬ 
ings and the tube, referred to the secondary, is 


r2 + kVrf ^ r2 + nW = + 7U{ri + Tp) - (6-63) 

^ This may be shown by assuming the total primary and sc^c-omhiry induetiinctbH to 
be made up of inductances LT and Lf having perfect coupling (unity c;niplirig 
coefficient), and leakage inductances Lp and L^j having zero coupling. 


(1 -1.)/... (l - 

17 -r 

I - Ij2 -F- 

Jj] 

j LTL% 

( • F A 

jji 


= L,' +L.- 

i.'/V 
£? -t- A 

~ L 2 A" La — 

f J J _ \ / t f 


If the leakage inductance is small, Lp may be ncglectt^d in conii>a,riHon with Ll^ 
Furthermore, if the leakage inductance is small or is proportional to thc^ number of 
turns, L^'/Li' = and so 


(1 — k^)Lz = Lr -f- nNjp 
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Hence Eq. (6-61) may be written 


/1/j, — 


nfjL 

jo^Cein + j{o^Le-l/c^Ce)] 


(6-64) 


Equation (6-64), which is equivalent to Eq. (6“43), has a maximum 
value near the frequency coo == l/\^Le.Ce, at which the equivalent leakage 
inductance Lc resonates with the equivalent distributed capacitance 
<7e. Equation (6-64) may be put into the form 


where 


Ah Ah 1 



(6-65) 


(6-66) 


Equation (6-65) gives the vector ratio of high-frequency amplification 
to mid-band amplification nii, as a function of the ratio of the angular 
frequency to the resonant angular frequency coq. Curves of magnitude 
of amplification and of phase shift relative to the mid-band values as 
determined from Eq. (6-65) for three values of Qo are shown in Fig. 6-31.^ 

Subject to tlie approximations that have been made in the analysis, 
the amplification and phase sliift of a transformer-coupled audio amplifier 
are completely specified l)y E(is. (6-56), (6-58), (6-59), and (6-65), or by 
the curves of Figs. 6-30 and 6-31. The numerical values of the quantities 
that appear in these equations can be readily determined by laboratory 
measurement. 

The response of a self-biased transformer-coupled amplifier is influ¬ 
enced at low frequency by the self-biasing impedance. The effect is 
complicated by the possibility of resonance l)etween the primary induc¬ 
tance and the capacita;n(‘o of tlie by-pass condenser. The student will 
find it instructive to dcu’ive curves of relative amplification and relative 
phase shift at low frequency l)y analyzing the equivalent circuit ol)tained 
l)y inserting the parallel combination of lira and Coo in. the equivalent 
circuit of Fig. 6-25. It should l)e noted that the alternating voltage 
appearing across Hcq is impressed upon the grid. 

Sometimes it is advantageous to apply the plate supply voltage 
through a choke and to couple the transformer primary through a con¬ 
denser. This prevents direct current from passing through the primary 
and thus makes possible the use of smaller transformers. Because the 
transformer may then be connected directly to tlie cathode, instead of to 
the positive side of the B supply, the alternating plate current need not 

^ Tekman, F. K,, Blectronm^ June, 1937, p. 34. 



182 


AffFLrCATXONS OF FLECTROIX TUBM 


[‘Chap. 6' 


pass through the biding resistor, and loss of amplification may be^ 
avoided. Resonance beteeem the transformer primary inductance and 
the coupling condenser capaciitance: may increase the amplification 
at low frequency. The low effectiH^eTbad* impedance at resonance, how¬ 
ever, results in relatively high nonlhear distortion (see Sec. 3-25). In 
order to minimize capacitance from platn tO; ground, the coupling con¬ 
denser should be placed in the cathode lead' ®£ the,transformer primary.. 
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Pig. 6-31.—Generic curves of relative amplification and relative phase shift for l.runsfomier- 


coupled audio-frequency ami^lifiers at liigh. frequency, wo 


I 

\/lj\ 


■,Qa 


WO/os 
Til 


The response of transformer-coupled amplifiers can lie altm-ed by 
shunting the secondary of one or more transformers with resistance or 
capacitance. 

6-14. Transformer Design. —^The correct designing of an audio¬ 
frequency coupling transformer is not a simple matter, as a compromise 
must be made between conflicting requirements. JOcfuation (()-51)) and 
the curve of Fig. 6-30 show that for satisfactory response at low audio 
frequencies the primary inductance must be high, l^veii witli high- 
permeability cores this requires the use of a large numlier of turns. A 
high resonance frequency coq, beyond which amplification fiills rapidly, 
calls for low leakage inductance and small distributed capacritam^e. The 
leakage inductance and distributed capacitance can be minimized by 
proper methods of winding and careful choice of shape and arrangement 
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of coils, ^ but with any type of winding the increase of distributed capaci¬ 
tance with niinaber of turns affects the high-frequency response adversely. 
Since a high transformation ratio requires either a small number of 
primary turns or a large number of secondary turns, or both, it follows 
that the increase in voltage amplification which results from the use of a 
high transformation ratio can be obtained only at the expense of poor 
response at low or high frequency, or both. In early receivers for broad¬ 
cast reception, high amplification was obtained by the use of audio 
transformers with small primaries. As a result, these receivers were 
noted for their lack of bass tones. Well-designed modern transformers 
for Class A voltage amplifiers do not ordinarily use transformation ratios 
higher than 3 to 1. Equation (6-65) and the curves of Fig. 6-31 show 
that the shape of the resonance peak can be controlled by choice of the 
ratio 


0)()Le 


1 


+ fi) + r2 -f rj) + fa 



Since this ratio contains the height and sharpness of the resonance 
peak are affected by the plate resistance. For this reason and because 
liigh plate resistance is unfavorable to good response at both low and 
high frecpiencies, it is important to use a-f transformers with the types 
of tubes for which they are designed, or with tubes having similar 
characteristics. 

6-16. Comparison of Resistance-capacitance and Transformer- 
coupled Audio Amplifiers. —The fact that uniform amplification in excess 
of the amplification factor of the tube can be obtained with transformer 
coupling if the plate resistance is not too high made the use of trans¬ 
former coupling decidedly advantageous before the development of tubes 
with high amplification factors. Unfortunately, however, high amplifi¬ 
cation factor is accompanied by high plate resistance, and so high-mu 
tubes like the tyi)e 6 SJ 7 pentode cannot be satisfactorily used with 
transformer coupling. The response is poor at low frecpiency because 
of tlxe low ratio of primary reactance to plate resistance; and at high fre- 


(piency because of tlie low value of 7 - A voltage amplification of 

60 represents about the highest that can bo obtained with transformer 
coupling without sacrifice of response at low or high frequency. With 
resistance-capacitance coupling, even though the stage amplification is 
much lower than the amplification factor of the tube, the high amplifica¬ 
tion factors of tubes like the 6SJ7 make it i)()ssible to obtain an amplifica¬ 
tion of 100 or more per stage. Because likelihood of oscillation makes it 
difficult to use more than two transformer-coupled stages on a common 


1 Koehli^jr, he . cM . 
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voltage supply, higher amplification at audio frequencies can as a rule 
be obtained with resistance-capacitance coupling than with transformer 
coupling. Resistance-capacitance coupling is considerably cheaper than 
transformer coupling, weighs less, and requires less sjDace. Because of 
the lower direct voltage drop in the plate circuit, and because voltage 
induced in the transformer inductance allows the instantaneous plate 
voltage to exceed the B-supply voltage (see Figs. 4-15 to 4-18), higher 
voltage output may be obtained with a given plate supply voltage with 
transformer output than with resistance output. Transformer coupling 
to the load may be necessary in the output stage when the load imi)e(lancc 
is so low as to cause excessive nonlinear distortion without impedance 
matching (see Sec. 7-21). 

6-16. Inductance-capacitance Coupling.—Inductaiuu>(*.a]nuiitance 
coupling has the advantage over resistance-capacitance coupling of lower 
direct voltage drop in the plate load. Because there is only one winding, 
it is possible to obtain somewhat higher inductance than in tlie ])riniary 
of a transformer. Although this higher inductance improves tluj low- 
frequency response over that of a transformer-coupled amplifier, it is still 
too low to prevent the amplification from falling off at low fr(H|uen(*.y with 
high-amplification-factor tubes. The high-frequency response is also 
somewhat better than in transformer-coupled amplifiers bec^ause of the 
lower distributed capacitance of the single winding. Tlicse advantageB 
are offset by the fact that the voltage is not stepped up as it may l)e by 
a transformer. Inductance-capacitance coupling is now seldom used. 
It may be analyzed by the methods that have been used in this cihapter. 

6-17. Choice of Tubes for Audio-frequency Voltage Amplifiers. 
Equations (6-1), (6-12), and (6-56) show that the maximum am})lifi(aiti()n 
obtainable with a voltage amplifier is proportional to the amplification 
factor of the tube. For this reason the .amplification factor may in 
general be considered to be the “figure of meritof a triode used in an 
audio-frequency voltage amplifier. Other factors siicli as |)lat<^ r(\sistance 
and plate current are also of importance in choosing tlie tubt\s for a voltage 
amplifier. It was shown in preceding sections that |)late rcssistiinee 
reduces the attainable gain of direct- or resistaii(5e-ca{)a(utaM(a^ (*oupled 
amplifiers and causes frequency distortion in transfornier-ca)tq)l(Ml ampli¬ 
fiers. High plate current causes high direct voltage drop in tlic <!oui>ling 
resistor of direct- or resistance-capacitance-coupled ani{)lifiers ^uul thus 
necessitates the rise of higher plate supply voltage. It tends to cause 
nonlinear and frequency distortion in transformer-c()ii|>l(Hi amplifiers 
because of core saturation. It also increases the i)ovver corLsumption in 
the plate circuit. 

Higher voltage amplification is in general attainable witli |)entodes 
than with triodes in resistance-coupled amplifiers, but nonlinear clistor- 
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tion may be greater and, because of higher plate resistance, it is more 
difficult to design for uniform response over a wide band. Since the 

amplification attainable with pentodes approximates . the 

transconductance may be considered to be the figure of merit of pentodes 
in resistance-coupled voltage amplifiers. As pointed out in Sec. 6-15, the 
high plate resistance of pentodes makes them unsuitable for use in 
transformer-coxipled a-f amplifiers. 

6-18. Control of Amplification of Audio-frequency Amplifiers.—The 

most common method of controlling the amplification of audio-frequency 
voltage amplifiers is by means of a voltage divider that varies the excita¬ 
tion voltage of one of the tubes. In transformer-coupled amplifiers the 
voltage divider is shunted across the secondary of the input transformer, 
as in Fig. 6“32a; in resistance-coupled amplifiers it may serve as the grid 
coupling resistance, as in Fig. 6-326. In the transformer-coupled circuit, 



Kic. 6-32.—MetbodH of viiiyin^i: tho anipliUcatioii of traiiHfoniier- and recjistanco-coupled 

a udio-f requen(;y ami)lili ora . 


the resistance of tlu^ voltage divider should be liigh. in order to prevent 
appreciable loading of the transformer. Potentiometers of 5()(),()()() ohms 
resistance or higher are commonly ustid. In order to keep the grid swing 
of all stages as low as possible and thus to ininimizc nonlinear distortion, 
the amplification control is usually used in tlie grid circuit of the first 
stage. Occasionally, however, tlie ain{)litude control is used in a later 
stage so as to reduce noise caused by the slider of the voltage divider. 

Because the voltage arnplificiation of nisistance-coupled amplifiers 
using pentodes or other liigli-plate-ixisistance tubes is nearly proportional 
to Qm, tlu5 amplific:ation of sucli amplifiers (um l)e readily controlled by 
varying the transcu}ndiictance by means of the grid bias. In order to make 
it p()ssil)l(i to rcdu(5e tlie tradistMuuliuitancc to a low value without danger 
of having the grid swing l)eyond cutoff, the signal is applied to a reinote- 
cutoff grid (see Fig. 3-7). Although the gain-control voltage may be 
applied to the same grid as the signal, less control voltage is required if 
it is applied to an additional sharp cutoff grid. It rnay be applied 
simultaneously to both grids. The 6L7 typo of tube is suitable for this 
purpose. This tyiie of control has the advantage that it may be a.ccom- 
plished by means of a rheostat or potentiometer that is located at a dis- 
taiuie from the am|)lifier and is by-passcul by a condenser at tlie amplifier. 
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If two tubes controlled in this manner and excited by separate signal 
voltages use a common plate load resistance, a gradual transition 
may be made from one signal to the other by raising one control voltage 
and lowering the other. 

6-19. Volume Compression and Expansion.^ —The wide range of 
power level of speech creates a problem , in transoceanic radio 
telephony. If the amplification is adjusted so that the loudest sound 
will fully modulate the transmitter, the fainter sounds may not be 
distinguishable above static and other interfering noises. This difficulty 
can be overcome by automatically increasing the amplification of the 
weaker signals in order to reduce the signal amplitude range and raise the 
average level. At the receiving end the process must be reversed by 
automatically raising the amplification with signal amplitude, so tliat 
the range of power level of the output is proportional to the power-level 
range of the original sounds, 

A similar problem is encountered in the recording of plionograph 
records. The range of sound level that can be recorded is mucli smaller 
than that which is necessary for the faithful reproduction of orchestral 
music (for which the power ratio corresponding to the weakest and 
strongest sounds is very great). If the recorded sound is too faint, needle 
scratch is objectionable. If it is too loud, on the other hand, there is 
danger that the needle may cut from one groove to the next. The ampli¬ 
tude range must, therefore, be reduced in the recording amplifiers and 
should, preferably, be increased by the reproducing amplifier. 

These results can be accomplished by means of automatic ga.in control 
of audio-frequency amplifiers. The a-f output is applied to a detector, 
the output of which controls the bias of the amplifier grids. Whether 
the amplitude range is increased or decreased depends upon whetlun* the 
direct voltage output of the detector is applied to the grids in s\ich a 
manner as to increase or to decrease the amplification with increase of 
amplifier output. A typical “volume expander’^ circuit is shown in 
Fig. 6-33. Since the voltage amplification of a resistance-coupled ampli¬ 
fier with small ratio of load to plate resistance is proportional to trans- 
conductance [see Eqs. (6-1) and (6-12)], increase of grid l)ias reduces 
the amplification. To prevent excessive amplitude distort/ion wlien the 
transconductance is reduced to a low value by liigh negatives bias, the 
signal is applied to a remote-cutoff grid. Need for large?, gain-control 
voltage is avoided by applying the gain-control voltage to an additional 

iMathes, E. C., and Weight, S. B., Elec, Eng,, 63 , 860 (1934); IUllantine, 
S., Froc. I.R.E,j 22 , 612 (1934); Soweeby, A. L. M., IFmito Workl, 34 , 150 (1934); 
Radio Eng., November, 1934, p. 7, Thomas, T. S. K., IKirdm Eng., 12, 493 (1935); 
SiNNBTT, C. M., Electronics, November, 1935, p, 14; Hallman, L. B., Je., Eledronics, 
June, 1936, p. 15; EGA Application Note 53. 
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sharp-cutoff grid. This is made possible by the use of the 6L7 type of 
tube. 

6-20. Tone Control.^—Differences in the acoustical properties of 
different rooms, nonuniform response of loud-speakers, individual pref¬ 
erences, and the fact that the sensitivity of the ear falls off at low and. 
high frequencies often make it desirable or necessary to change the fre¬ 
quency characteristics of audio-frequency amplifiers. Minor changes; 
in the characteristic of an amplifier can be obtained by the use of simples 
filters. One commonly used filter consists of a condenser in series with, 
a variable resistance, shunted across some point of the amplifier, usually 
between grid and cathode of one of the tubes. Decrease of resistance 
cuts down the response at the higher frequencies. Sometimes tone 



Fit;}. 6-3.‘l-"~(ar(nut diaKrarn of a volume exi)andor. 

control is combined with tlie manual gain control in such a manner that 
the amplification is reduced more at the middle of the audio range than 
at the upper and lower ends. This tends to correct for the apparent 
loss of low and high tones at low sound level caused by the nonuniform 
response of the ear. Some amplifiers are provided with separate tone 
controls for the low and high frequencies and, in more elaborate systems, 
separate amplifiers and loud-speakers may be used to cover two or more 
portions of the entire a-f range. Considerable flexibility of tone control 
may be attained in this manner. 

6-21. Resistance-coupled Radio-frequency Amplifiers. —The analysis 
that has been made of resistance-capacitance-coupled amplifiers is 
valid at radio frequencies if the frequencies are not so high that the 
time of transit of electrons from cathode to plate must be taken into 
consideration.^ 

iScKooGiE, M. G., Eng,, 9, 3 (1932); Hajaeltino Service Corp., Radio 

Eng,, June, 1935, p. 7; (Jolebrook, F. M., IFtreto Eng,, 10, 4 (1933) (with bibliog¬ 
raphy of seven items); Caluender, M. V., Froc, LR,E,, 20, 1427 (1932). 

2 Llewellyn, F. B., Froc, LB.E,, 21, 1532 (1933); 23, 112 (1935). 




188 


APPLICATIONS OF ELECTRON TUBES 


[(hiAp, 6 


Tuned Radio-frequency Amplifiers.—Transformer-coupled r-f ampli¬ 
fiers are commonly of two types: doubly tuned and singly tuned. In 
doubly tuned amplifiers, tuning capacitance is used in parallel with l)()tb 
the primary and the secondary of the transformer, as shown in Fig. 5-9. 
In singly tuned amplifiers, only the secondary is shunted l)y tuning 
capacitance, as shown in Fig, 5-10. Radio-frequency transformers are 
now made either with air cores or with special low-loss iron cores. Idie 
primary and secondary are coupled loosely enough so that the capacitance 
between primary and secondary is negligible. 

6-22. Doubly Tuned Radio-frequency Amplifier,—The equivalent 
circuit of the doubly tuned amplifier, at frequencies below those at whicdi 
time of transit of electrons must be considered, is shown in Fig. 6-34ad 


Fig. 


r, 



6-34.—(a) Equivalent plutc circuit for doubly tuned r-f iiniplilicr; (/,) 
equivalent circuit applicaWe to tetrodes and pcuit.odes,’ 


Appr<»ximate 


Solution of the network eciuations for this equivalent curtuiit. sive.s the 
following expression for voltage amplification: 


Cl + -f orMY+ 




in which = ri -f jaLi + 1/ji^Ci and zj = n -f juL.^ -f. 1 
reasons that will be explained, screen-grid tubes or iientoth's ar<' far 
superior to triodes in tuned radio-frequency amplifiers. In pnietitu* the 
reactance of the primary condenser in the viciiiitv of tlie friumencv for 
which the amplifier is designed is so much smaller than the phife resi.HHnce 
of a tetrode or pentode that little error results if l/r„ is m^glecfvd in ,‘(,ra- 
Parison with j^C^ in Eq. (6-67). Equation (6-67) then simplifi(.s to 


A 


where 

and 


Zl 


jjJmM / (joC iC 2 
Zi'z2 4* 

= joiLi 4- l/jwCi + Ti 
r/ = -f 


tCF68) 
(thfiil) 

^ f2 includes an equivalent resistance to take into ju'eoinit ihf* ‘ j. 
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A general indication of the form of the curve of A vs. co can be obtained 
by considering the special case, often met in practice, in which ri s r/ and 
the primary and secondary inductances, capacitances, and resistances are 
equal. Thenz/ ^Zi = Zi = r A- ji(^L — 1/wC), andEq. (6-69) becomes 


A = 


• gmM 


[ML + M)+j^ + r 


jco{L — M) + + T 


(6-70) 


A 

I 


The effect of co in the numerator being neglected, A will have a maximum 
at approximately the two frequencies 
that make the reactance zero in the 
two factors of the denominator of 
Eq. (6-70). The curve of A vs. 
frequency will, therefore, in general 
have two peaks, as shown by curve 
a in Fig. 6-35, whose separation 
increases with M. 

The amplification given by Eq. 

(6-68) is the same as that of the 
equivalent circuit of Fig. 6-345, 
which is, therefore, an approximate 
equivalent circuit of the doubly tuned 
amplifier used with tetrodes and 
pentodes. Since the complete 
analysis of this circuit and of Eq. 

(6-68) is fairly long and involved, 
it will not be given. The student 

will find it instructive to refer to some of the excellent analyses that have 
been published^ 

The results of such analyses show the following important facts: 

1. If the primary and secondary resonance frequencies have the 
same value /o, the two frequencies corresponding to the peaks of the 
response curve liavc the approximate values 



Frequency 

'Fm. f)-35.“---Fre(i\iency-roBpt)n8e curves 
for doubly tuned transformei'-coupled r-f 
aniplifier. 


/ 


V l i ' 


./o_ 


(6-71) 


^ W. L. Everitt, ^^Cbnimunication EngiiKicring,’^ McGraw-Hill Book Company, 
Inc., New York, 2d ed., 1937; E. A. Guili.emin, ‘Tbrninunication Networks,'' VoL I, 
John Wiley & Sons, Inc., New York, 1931; PtTEiNGTON, E. S., Proc. LR.B.^ 18,983 
(1930); Aiken, C. B., Proc. LRJL, 26, 230 and 672 (1937); Terman, F. E., 'Tladio 
Engineers Handbook," p. 154, McGraw-Hill Book Company, Inc., New York, 1943. 
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in which k is the coefficient of coupling, ■\/M^/LiLi, and 

Q, = and Q, = 

Ti r2 

Qi and Q 2 , which may be shown to be the ratio of the energy stoTed per 
cycle to the energy dissipated per cycle in the primary and secondary 
circuits, respectively, are a measure of the efficiency of these circuits. 

2. When > I/Q 1 Q 2 , the height of the peaks does not change^ 
as the value of M is changed by varying the coupling, other parameters 
being held constant. 

3. The ratio h of the height of the peaks to that of the intervening 
trough is related to the circuit parameters by the equation 



4. h is unity when k = ka = l/\/QiQ 2 , indicating that the height of 
the peaks is equal to that of the trough. At thivS critical coupling, thero 
fore, the two peaks merge into one. 

The peak voltage amplification at critical coupling, which is the same 
as that corresponding to the two peaks of the response curve above critical 
coupling, is found from Eq. (6-68) to be 


A ^ 



Li L% _ , 


m 



(6-73) 


6. The height of the single peak falls, and^ the peak l)e(jonie8 sharper, 
as the coupling is decreased below the critical value. 

Universal curves of relative amplification, derived from hlq. (6-68) 
are shown in Fig. 6-34A for circuits in which Qi = 

Laboratory measurements of a typical air-core 45()-kc transformer 
gave the following approximate values 


Z/i w L 2 = 2 X 10“'® henry 
yjL 7^2 = 5 = 150 ohms at 450 kc 
(7j Ug = 60 X lO'"^^ farad 

Wo *= «= 289 X 10 ^ rad/sec 

-y LiCJi 




« 38 
ri 


^ For similar curves applying to circuits in which Q 1 /Q 2 * 5 ® 5 and for curves of 
relative phase shift, sec Temum, op. cit,, p, 100, 
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--Below resonance 


p* 


Cycles off resonance 

Y — —. 

X resonanf frequency 


Above resonance^—*- 


Fia. 6-34A.—Universal curves of relative amplification for doubly tuned transformer- 
coupled amplifiers in which the primary and secondary have equal values of Q and of 
resonant frequency. (Courtesy of F. E. Terman,) 


The doubly tuned amplifier with coupling slightly in excess of the 
critical value amplifies very nearly uniformly over the range of fre¬ 
quencies lying between the two peaks, and the amplification falls rapidly 
outside of this range. For this reason this type of amplifier is often 
called a band-pass amplifier. The response curve can be made to approxi¬ 
mate square-top form more nearly by using a closely coupled doubly 
tuned stage in conjunction with a singly tuned stage or a loosely coupled 
doubly tuned stage. ^ A square-topped response curve is desirable in 
amplifiers used for radio reception, which should amplify uniformly at all 
frequencies contained in the modulated wave and cut off sharply at 
lower and higher frequencies. 

Advantage may also be taken of the change in width of the frequency 
band of a doubly tuned amplifier with change in coupling. It is evident 
that for a value of coupling corresponding to curve a of Fig. 6-35 the 
frequency band over which amplification is essentially constant is 
considerably wider than for coupling corresponding to curve h. Adjust¬ 
able coupling thus makes possible the choice of a narrow band for high 
selectivity in the reception of a weak modulated carrier wave in the 
presence of a strong carrier wave in an adjacent frequency channel or of a 
wide band for high quality in the reception of a strong modulated wave. 
This change in selectivity may be accomplished automatically by the 
use of vacuum-tube coupling in addition to inductive coupling.^ 

Subject to the assumptions made in its derivation, Eq. (6-68) shows 
that the amplification of a doubly tuned amplifier is proportional to the 
transconductanee of the tube. 




192 


APPLICATIONS OF ELECTliON TUBES 


[( Ihap. 6 


6-23. Singly Tuned Amplifier.—For the sake of analysis, the traiis- 
former-conpled circuit with tuned secondary may be considered as a 
special form of the doubly tuned circuit. It is convenient for this 
purpose to write Eq. (6-67) in the form 

^ ■ _ /xAf/ Cg _________ 

^ (1 + j(^Cirj)[{jo)Li + ri)z2 + ^ “ 

In practice the primary of the transformer is sufficiently small so that 
both its reactance and resistance are negligible in comparison with Tp. 
If this is assumed to be true and Ci is made zero, Eq. (6-74) reduces to 


_jM/C2 

z%r^ + 


(6-75) 


Differentiation of Eq. (6-75) with respect to M at constant w shows 
that A has a maximum value at a given frequency wlien = z^Vp, 

The value of coupling at which this relation is satisfied is termed opldnmm 
coupling. Differentiation of Eq. (6-75) with respect to o) at constant M. 
shows that A is a maximum for a given value of M at ap])r()ximately 
the secondary resonance frequency. At this fre(|uency, whicli is deter¬ 
mined by the relation the secondary reactaTu*,e is zero^ 

and the criterion for optmum coupling reduces to - rifp. Sub¬ 
stitution of coo = 32 = ^ 2 , and = r^r-p in Eq. (6-76) 

gives for the optimum amplification at resonance 


Optimum A = 



(6-76) 


It is evident from Eq. (6-76) that for high voltage amplification a radio¬ 
frequency amplifier with tuned secondary should use a tube witli botli 
high amplification factor and high transconductance, that the Q of the 
secondary should be high, and that the ratio of secondary inductance to 
capacitance should be high. 

The curve of amplification as a function of f reciuenc-y is of the same 
form as the curve of admittance vs. frequency of a simi>lc stu’ies circuit 
containing inductance, capacitance, and resistance. 'Tlic sha,r|)ness of 
the resonance peak increases with decrease of M and wo and with increase 
of 1 / 2 A 2 and Tp. 

Dividing Eq. (6-73) by Eq. (6-76) shows (subject to the a|)i)i’oxima- 
tions made in the development of these equations) tliat tlic i‘at io of tlie 
optimum amplification of the doubly tuned amplifier to that of the singly 
tuned amplifier is equal to \/'Li/rirpCi. For typical transformers uschI 
with r-f pentodes this ratio is somewhat less than unity. In fix(Kl-frc- 
quency amplifiers, however, the advantage of tlie sIiarpin^HS of tlie 
response curve of the doubly tuned amplifier, which may be made to 
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approximate rectangular form, more than offsets the disadvantage of the 
slightly lower amplification. In applications in which the frequency of 
the input changes, on the other hand, the greater simplicity of tuning 
of the singly tuned amplifier is an advantage. 

It is evident from Eqs. (6-73) and (^-76) that high voltage amplifica¬ 
tion necessitates the use of low effective transformer resistances (high-Q 
coils) and high L/C ratio. The skin effect, radiation loss, dielectric 
loss, and tube input conductance resulting from electron transit time 
cause the effective a-c resistances ri and to increase with frequency. 
Distributed winding capacitances, circuit capacitances, and tube capaci¬ 
tances limit the extent to which Ci and C 2 can be reduced and thus 
necessitate decreasing the L/C ratios as the resonant frequency of the 
amplifier is increased. The attainable voltage amplification of tuned 
r-f amplifiers therefore decreases as the frequency is increased. The 
decrease of amplification is accompanied by decrease of selectivity. 
These facts are very important in the design of r-f amplifiers and are 
one of the reasons why amplification in modern radio receivers is accom¬ 
plished mainly at frequencies lower than those of the received signals. 

6-24. Choice of Tubes for Tuned Radio-frequency Amplifiers.— 
Tetrodes and pentodes are used practically universally in tuned r-f 
amplifiers, in |)reference to triodes. The advantages of tetrodes and 
pentodes are threefold. The high values of amplification factor and 
transconduct/aruxi result in high voltage amplification; the low grid-to- 
I>late capacitance reduces the tendency of the amplifiers to oscillate 
as the result of tlie feeding back of amplified voltage to the input; and 
tlie lower effective input capacitance lowers the frequency limit of 
amplification and reduces the attainable amplification and sharpness of 
tuning at very high frequencies. 

By the use of coils having a high x'atio of inductance to resistance, 
the amplification of each stage of a tuned r-f amplifier using high-trans¬ 
conductance tubes can be made much greater than the amplification 
factor of the tube. 

Control of Amplification.—The dependence of voltage amplification 
of tuned r-f amplifierB upon transconductance of the tube makes possible 
the variation of amplification by means of operating voltages. Usually 
tlie most el‘fe(;tivc method, particularly when the gain is controlled 
automatically by means of tubes, is to vary the grid bias of the amplifier 
tubes. Automatic control of amplification is discussed in Secs. 6-19 
and 9-26. 

6-26. Distortion in Radio-frequency Amplifiers.—Curvature of the 
transfer characteristic of tubes used in r-f amplifiers results in several 
types of distortion in the amplification of modulated voltages, most of 
which are caused by intermodulation of the various frequency components 
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in the impressed modulated voltage or in two modulated voltages simul¬ 
taneously impressed upon the amplifier.^ In the reception of radio 
signals this produces such undesirable effects as nonlinear distortion of 
the audio-frequency output, superposition of the a-f modulation of an 
undesired station in an adjacent channel upon the desired a-f output 
of the station to which the receiver is tuned, and the rece|)tion of stations 
lying outside of the tuning range of the receiver when tlie re(‘-eiver is 
tuned to the sum or difference of their frequencies. Anotlier ()l)jec!tion- 
able effect is increased hum in the output of a-c-operated rec^cnvers avS 
the result of intermodulation between the desired input signal ami 60- 
or 120-cycIe voltages not completely removed from the out|)iit<)f the po wer 
supply and therefore impressed upon the amplifier grids. Thcise various 
types of intermodulation may be shown to be associated with the second- 
and higher-order terms of the series expansion for alternating plate 
current. 

In tuned r-f amplifiers using tubes with liigh plate resistance, such as 
tetrodes and pentodes, the load impedance at resomincie may l)e small in 
comparison with the plate resistance of the tube. Under this condition 
the series expansion for alternating plate current reduces to 


b% 


, 1 bHi 


2 4. 1 




((5-77) 


This shows clearly that the various types of distortion which occur in 
tuned r-f amplifiers increase with input amplitude and with curvature 
of the static transfer characteristics. In automatic control of amplifica¬ 
tion, the output is maintained constant by increasing the bias with input 
(Sec. 9-26). At high input the operating point is then close to cutoff. 
Curvature is high in this region, and there is even danger of reducing the 
plate current to zero during part of the cycle. Hence di.Htortion may 
be excessive at high inputs. It may be reduced by the nm of variable-mu 
tubes. The transfer characteristics of variabU'-mu t.ulx's (.see S('(?. 3-7) 
approach the voltage axis so gradually that, cvcui though the oj)erating 
bias is made high in order to reduce the tran.sconductan<>e and lieiu’c the 
voltage amplification, high excitation amplitude may be u.sed without 
danger that the current will be reduced to m-o. At low bia,s, on the 
other hand, the transconductance has the high value lu'cessary for the 
amplification of weak signals. Some tulaw, of which (h<- (iL7 is an 
example, have both a remote-cutoff grid, to which tlui .signal i.s applied, 
and a sharp-cutoff grid, which may be used to (-otitrol the amplifituition. 

6-26. Current Amplification.—Figure 6-36 shows a single-stage cur¬ 
rent amplifier. The current amplification is 


, 1 Harris, Sylvan, Proc. I.R.E., 18, 350 (1930); Ballast 
H. A., Pm, hP.E., 18,3103 (1930). 


t'NKf HrtjAHTf and Snow, 
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(6-78) 


The cui^i'eat amplifiGation miereases as Zb is decreased, approaching the 
limiting value g^Zo. Tlie current sensitivity is fx/iXp + Zb), which 
approaches^ the value* as 4 fe decreased. This indicates the importance 
of transconductance in tubes used for current amplification. In a 

multistage current amplifier; all but the last -1 

stage are* volkige' amplifiers' and require tubes ^ -r—j a | 

with high amplification' factor* to' give high n>^b 

over-all current sensitivity. Sjpeciat tubes and ?? 1 | | I [ [_ J 

circuits for the amplification and naeasurement Via. 6-36.—Single-stage- 

of small: currents are described in Sec. 15-11. curiieiit' amplifier.. 

Current amplifiers are useful in the operation of relays^ and el’ectro'- 
magnetic oscillographs.*-^ One common application is in theamplfication 
of the current of phototubes used to control relays. Circuits for this 
purpose are analyzed in Chap. 13. Another application of current 
amplifiers is in the regulation of generator voltage.^ A typical circuit 
is shown in basic form in Fig. 6-37, in which Ti is a voltage amplifier, 
T 2 is a current amplifier, and Tz is a glow tube that reduces the voltage 
applied to the grid of 2\ from the positive terminal of the generator and 
thus lowers the required biasing battery voltage (see Sec. 12-4). The 


id 6LG 




Fxc/Ier 


120‘VQuipui 


Mofin 

gtenercflor 


• Vacuum-tub© voltage regulator for d-c geuerator. 


ac.tion is as follows: Ihiduction of terminal voltage makes the grid of 7\ 
more negative and so makes that of T 2 less negative. The resulting 
increase of plate current of 2\ raises the field current of the exciter, which 

1 Geoegk, :E. li, EkctronicH, August, 1937, p. 19; IDudlby, B., Blectroniaj May, 
1938, p, 18; Mukiiteu, M. W., Electronics^ December, 1933, p. 336. 

® Jackson, W., If /rfiZcM Eng,, 11, 64 (1934); Hbjich, H. J., and Mabvin, G. S,, 
Rev. Set. InstrumentSj 2, 814 (1931); Waldohf, S. K., J. Franklin Inst, 213, 605 
(1932). 

Van r)B2R Bijl, H. J., ^'The Thermionic Vacuum Tube and Its Applications,” 
p. 371, McXiraw-Hill Book Company, Inc., New York, 1920; Verman, L. C., and 
Kkich, IL j., Proc. LRJL, 17, 2075 (1029); Verman, L. C., and Richards, L. A., Rev, 
Sci. Insinments, 1, 581 (1930). 
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in turn raises tlie excitation of the main generator and restores the termi¬ 
nal voltage to nearly its original value. Obviously the exciter may be 
eliminated if the current of T% is sufficient to excite the generator directly. 
Ti may also be eliminated if very high constancy of voltage is not required. 
By the addition of a rectifier, the circuit may be adapted to alternator 
regulation. 

6-27. Shielding.—The high amplification obtained in radio-f re(|iieney 
amplifiers and in audio-frequency amplifiers using tetrodes or ixmtodes 
usually necessitates the complete shielding of the individual stages in 
multistage amplifiers to prevent oscillation. It may also be necessary 
to shield input leads to the amplifier to prevent the picking up of stray 
fields and to prevent oscillation as the result of feedback from the output 
to the input. 

6-28. Limit of Amplification. —^Amplification is usually limited by a 
tendency of the amplifier to oscillate as the result of tlio feeding back 
of some of the output voltage to the input. This can be minimized by 
shielding, by careful placing of apparatus, and by the use of (‘.Ixokes and 
by-pass condensers and of more than one power supply. By means of 
successive amplifiers operated from separate power supplies, very high 
gain or power output can be obtained. Because of inlierent fluctuations 
of currents in amplifiers, however, there is a lower limit to the input 
voltage or current that can be amplified to a given output level. Current 
and voltage fluctuations in an amplifier are called nom. Noise, results 
from a number of causes, among which are the shot effect, ionization, 
secondary emission, vibration of tube elements, imperfe(‘t contacts, 
fluctuations of resistance of old or damaged batteries, incomphde filtering 
of power supplies, variation of resistance of circuit elenumts, and random 
motion of electrons through high resistances (thermal agitation). The 
shot effect (see Sec. 2-14) can be kept to a minimum by oixeratlng tubes 
well above temperature saturation. Ionization and secondary (miission, 
which have been greatly reduced in modern tubes, can lie (dirninated 
when necessary by the use of very low voltages. ^^Micr()^)honic ” elTects 
resulting from the vibration of tube elements have been largcdy (diminated 
in modern tubes by improving the methods of mounting axul supporting 
the elements. Current fluctuations produced by tlie random motion 
of electrons in resistances are in some respects similar to tliosc^ produced 
by the shot effect. The r-m-s output voltage of an amplific-r rc'sulting 
from the random motion of electrons in a resistance is givem by the 
formula 

E = 2 yjkT R\A\df (6-79) 

in which k is Boltzmann’s constant (1.38 X 10“'-*’* erg/degree); 7' is the 
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absolute temperature in degrees K; R is tlie resistive component of the 
impedance in which the disturbance arises, measured at the frequency/; 

I/I I is the magnitude of the voltage amplification between the resistance 
and the output at the frequency/; and fx and /2 are the lower and upper 
frequencies at which the amplification may be assumed to have fallen to 
zero. It is evident from Eq. (6-79) that, in order to minimize noise, it is 
advisable to make the frequency range of the amplifier only wide enough 
to cover the desired band. 

6-29. Inverse Feedback AmplifiersJ —Much improvement in the 
operating cliaracteristics of an amplifier may be obtained by feeding a 
portion of the output voltage back to the input. This process is called 
feedback. If it is accomplished in such a manner that the voltage fed 
l)ack subtracts from the impressed voltage and thus reduces the alternat¬ 
ing grid voltage, the output voltage is reduced and feedback is said to 
be inverse. Since the voltage fed back is greatest at frequencies at which 
the amplification is highest, the reduction in output voltage for a given 
input voltage is greatest at these frecpiencies. Inverse feedback there¬ 
fore tends to reduce frecpieiujy distortion. The voltage fed back also 
contains nonlinear distortion and noise components which are amplified 
by the amplifier and cancel a portion of the nonlinear distortion and 
noise components in the output. Hence, inverse feedback also reduces 
nonlinear distortion and noise generated in tlie amplifier. Other equally 
important iniprov(unents result ft'orn the use of inverse feedback. The 
benefits may be summarized as follows: 

1. Reduction of nonlinear distortion. 

2. Reduction of fre<|uency distortion. 

3. Reduction of phase distortion. 

4. Reduction of noise. 

5. IiKU’oase of stability (reduction of va.riation of amplification or of current 
or power sensitivity with operating voltages and tube age). 

In Fig. 6-38, whicdi represents a fcHnlbacvk amplifier in general form, 
A is the amplification of the amf)lificr without feedback and ^ is the feed- 
l)ack-network attenuation, or ratio of the f(HKll)ack voltage to the total 
outi)iit voltage. Botli A and p arc in general complex quantities. The 
prodiKit /i/S, wliicli is called the feedback factor, is assumed to be positive if 
tlie vector sum of the iIn|)r(^ssed voltage and the feedback voltage is larger 
than tlie impressed voltage. 

Tlie total ()ut])ut voltage Oo consists of two parts: that resulting from 
the applied input Gi, and tluit resulting from the feedback input The 

^ NyQUisi', II,, IRIl System Tech, J,, 11, 126 (1932); I^aogally, W,, WireleM Eng.y 
10, 413 (1933); Black, II. S., Elec, Eng., 63, 114 il9Z4); Bell Labor atones Record, 12, 
290 (1934). For additional referenceB see the supplementary bililiography at the end 
of this chapter. 
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first is made up of the fundamental output ej = Aei, harmonic and inter- 
modulation components eh, and noise en- The second contains three 
corresponding components, plus new harmonic and intermodulation 
components that are generated from the original distortion which is fed 
back. These secondary distortion components are ordinarily so small 
that they may be neglected. The amplitude distortion eh is usually 
generated mainly in the final stage, and its amplitude may be assumed 

to be a function of the amplitude of the 
fundamental output voltage c/. 

The manner in which the noise output 
is affected by feedback depends upon the 
point in the amplifier at which it is intro- 
Fig. 6-38.—Schematic diagram of duced. Hence the analysis of the effect of 
feedback amplifier. feedback upon noise can best be considered 

independently of nonlinear distortion. This is made possible by the 
fact that noise is in general independent of signal amplitude. If the 
noise output is disregarded, the output voltage is 



Co = C/ + Oh + ApCo 
= 4 _ ^ 


(6-80) 

(0-81) 


Without feedback the output voltage would be c/ -(- 

Equation (6-81) shows that, for a given applied input voltage 
feedback changes both the fundamental and the harmonic components 
of the output voltage by the factor 1/(1 — Ap), 

The gain of an amplifier is increased, and feedback is said to be 
'positivej or regenerative, when |l — Ap\ < 1. The gain is decreased, and 
feedback is said to be negative, inverse, or degenerative when 11 — Ap\ > 1. 
When 11 — 4/31 = 1, the gain is unaffected by feedback.^ 

6-30. Reduction of Nonlinear Distortion by Inverse Feedback.— Sup¬ 
pose that a voltage e/ is applied to the amplifier witliout feedback. 
This results in an output (noise neglected) 


ej = e/ + Ch = Ac/ + c// 


(6-82) 


To produce the same fundamental output with feedl)a(^k rcKtuirc^s ati 
input voltage Ci = (1 — A/3)e/. For this input, the outi)ut with feed¬ 
back, as given by Eq. (6-81), is 

^ The student should note specially that the criterion for dct( 3 rniining whether 
feedback is positive or negative is the magnitude of 1 - relative to tuiiiy, and not 
the magnitude or phase angle of the feedback factor A/3. The feedliaek is, in fact, 
negative when A/3 is positive and real, if its magnitude exceeds 2, This will l>e dis¬ 
cussed in connection with polar diagrams (Sec. 6-34). 
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eo 


A(1 — A0)ei , gfe _ / , en 


(6-83) 


But since harmonic generation is a function of the amplitude of the funda¬ 
mental output, which is the same for both amplifiers, e,, = eh'. Therefore, 

«« = (6-84) 


This shows that, for the same fundamental output, the harmonic and 
intermodulation output are changed in the ratio 1/(1 — A^) by the use 
of feedback. If \l — A^\ > 1, the nonlinear distortion is reduced. 
Thus nonlinear distortion is reduced by negative feedback. 

Feedback does not reduce distortion resulting from the flow of grid 
current in the input stage of an amplifier when the grid is driven positive.^ 
Since the grid-current distortion is a function of the alternating grid volt¬ 
age c,/, and the distortion and the signal are both amplified in the ratio A 
between the input grid and the output, the amplified distortion is a func¬ 
tion of the signal output and is unaffected by feedback if the signal output 
remains constant. Feedback does, however, reduce grid-current distor¬ 
tion set up in stages other than the first, the reduction being greatest for 
distortion set up in the output stage. 

6-31. Reduction of Frequency Distortion by Inverse Feedback.— 
Equation (6-81) gives the voltage amplification or ratio of the funda¬ 
mental output to the ini)ut of a feedback amplifier as 


A' = 


C; 1 


A 


(6-85) 


It can be seen from Eep (6-85) that for very small values of the denomina¬ 
tor, sucli as may l)e ol)tained with positive feedback, a small change in 
the denominator, resulting from variation of A, may produce a very large 
change in Co/(k* As Ap is increased beyond the value 2 or 3, however, 
the importances of 1 diminishes in comisarison with AjQ, particularly if 
the imaginary component of Ap is largo in comparison with the real 
component. The ratio approacdies the limiting value -“1//3, which 
is inde|)endent of A. Fnstiuency distortion may, therefore, be reduced 
l)y the use of negative feedback. 

If 

lAi5l > > 1, (6-86) 

E(p (6-85) si:rnj)lifies to 

A' = i (6-87) 

Equation (6-87) liaw tlircc important implications: 

1 See pp. 125--126. 
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1. If \A0\ > > 1, the gain is inversely proportional to /3, which means 
that the frequency-response characteristic of the feedback ainj)lifici with 
high feedback factor is the inverse of the response characdavnstic ot the 
feedback network. By proper design of the feedback network tlie 
amplifier may be made to have any desired frequency response. In 
particular, it is possible to correct for nonunifonn response ot any network 
preceding or following a feedback amplifier by using an 'identical network 
as the feedback network of the amplifier. The design of thi.s ident ical 
network is usually much simpler than the design of a network Inu-ing 
inverse characteristics. Furthermore, if feedback is obtainetl through 
a resistive network, /3 is independent of frequency, and tlie relative; phase 
shift and dependence of gain upon frequency may be made nejgligililc. 

2. If ll|8l >> 1, amplification is independent of the load impedance 
in the output of the amplifier, provided that the load does not form a part 
of the feedback network. When |8 is made dependent upon load imped¬ 
ance, the amplification can be caused to vary in a desired manner with 
load impedance. 

3 . If 1A|3| >> 1, the amplification is independent of A and, thi;re- 
fore, of tube factors. The amplification is unalTected by variations of 
battery voltage or aging of tubes. Hence the gain stability of an ampli¬ 
fier is improved by feedback if the feedback factor is large. 

Equation (6-87) also holds under the more general condition tliat 

11 - Ap\ = lAiSl (B-88) 

of which Eq. (6-8G) is a special form. If A^ is writtim in tlu; form 
a -t- jb, Eq. (6-88) is satisfied if 

a = I (Ci-IK)) 

Thus the amplification with feedback may also be; raadi; to dc'pcmd only 
on |8 by making the real component of the eomi)lex IVcdltack factor (‘([ual 
to i. Since A(3 changes with frequency, this condition cain in gimcrul 
satisfied at only one frequency and from a practirial point of vii'w is, 
therefore, of only incidental interest. 

6-32. Reduction of Phase Shift by Inverse Feedback. - Hcductitm of 
amplifier phase shift by inverse feedback may be rc^adily shown for the; 
case in which /3 is a real quantity, i.e., when there is no idiasc sluft in the 
feedback network. Let 

A = a + jb = \A\/0^ (CW)l) 

in which [Aj is the magnitude of the voltage amplilicat.ion aiul 0 is the 
phase angle of the output voltage of the amplifier, relative to the input 
voltage, without feedback. 
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6 = tan~’ ^ (6-92) 

and 

|-^t| = (6_93) 

The amplifi(‘.ati()Ti with h^edback is 

1' = ^ = g - - (a^ + ^ q 

ii/f 1 - AiS 1 - (a +y6)/3 (1 -- a^y + h^y 

in whicli /i'o and /i/,: are the output and input voltages, respectively, of the 
feedback ain[)lifier. Tlic phase angle of the output voltage relative to 
the input voltages, with feedback, is 


a — (a- + 6“)/!? 


h/ a 

\A \^ V 1 + lAja^ 


A \ n . '/ r —™. 


(6-95) 


When the fee(ll)ack is negative, i.e,, when |I — Al3\ > 1, \Ap\ .must be 
either nc^gatives or greater than 2. Mxamination of h](|. (6~95) shows that 
a is then less tha,n $, Hence tlu^ })liasc shift of the output voltage relative 
to the input voltage is reduced l)y invoi'se feedl)ack. A similar analysis 
may be made for tlui more gcuuu-al case in whi(vh is complex, 

6-33. Redaction of Noise by Feedback, ■“— An ana-lysis similar to that 
which was made for the cflh.cvt of feedback u|)on nonlimuir distortion shows 
that if the output is kei)t constant by ituireasing the input, A b(3ing kept 
constant, the effect of inverse feedback is to reduce the noise-to-signal 
ratio of the output by the factor 1/(1 — A/?), regardless of the'^oint at 
which the noise is introduced. If the output is maintained constant by 
increasing the voltage amplification A of the am;plifier, on the otheV hand, 
rather tlian by incixuising the input voyage, the noise-to-signal_ rhtio is 
r(:Klu(t(.3d in thc3 ratio I/(:t — A13) only when tlfe change*of A is made ii\the 
portion of the amj)lifier preceding the |)oint at wdiich the noise is in^o- 
duccd. It is imaff(Kd':.(*d l)y fcHKlbacjk if the cliange in A is made in'^the,, 
portion of thci am])Iifi(U’ that follows the point at whidh the noise is intro- 
du(:’.(a:L At. (a)nstant excit.ation and constant output, therefore, negative 
feedback is cfhMd ive in nuludng hum resulting from poor filtering*^of the 
powtu' su})ply of th(i final stage, luit has little or no effect upon noise-to- 
sigrial ra-tio of luun or other noises originating in early stages, such^ as 
ti'iose caused l)y tluu’mal agitation and microplionic effects. 

6-33A. Effect of Inverse Feedback upon Allowable Inpift Voltagd— 
Examination of Eig, 6-38 sliows that the ratio of the impreslsed voltage 
to the alternating grid voltage of a feedback amplifier is (1 — A/3). The 
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voltage that can be impressed without overloading the amplifier is there¬ 
fore increased in the ratio (1 — Ap)'by inverse feedback. It has already 
been pointed out that the impressed voltage must be increased in this ratio 
in order to produce the same output as without feedback. 

6-34. Polar Diagram. —Black has shown that much important 
information regarding the performance of a feedback amplifier can be 
determined from a polar diagram of A^ drawn for all frequencies from 
0 to ^ A AjS may be expressed in the form a + jbj or in the equivalent 
polar form \A^\li_, where 

\Ap\ = and 6 = tau”^ 

In a multistage amplifier 

Afi = |^mi||A2l|A3l * ' • \An\ • ■ • + .+.*.* ‘ \ 

On + • ’ * / 

where ... \ ({j. 90 ) 

^ =s a/3 4- jh^ == \P\/% i 

An = Cln “i” jbn ~ jAn | /On jj 

The polar diagram may be constructed by plotting the imaginary part 6 , 
of Afij against the real part a, or by plotting |A/3|, the length of the radius 
vector against the polar angle 0, \Ap\ is the product of the magnitude 
of i3 and the magnitudes of the gains of individual stages, and 0 is the 
sum of the phase angle of /S and those of the individual stages of the 
amplifier. 

For ordinary forms of resistance- and transformer-coupled amplifiers 
the magnitudes of the stage amplifications and the corresponding phase 
angles can be determined from Figs. 6-12, 6-14, 6-30, and 6-31 or the 
equations from which they are derived. Consider, for instance, the 
transformer-coupled amplifier of Fig. 6-406, in which tlie feedback 
network is a simple resistance voltage divider. Assume that tin* mid- 
band amplification is 30 and that r/ = r/. Then ^ == r//(r/ + r/) = 0.5 
and in the mid-band range \A^\ = 30 X 0.5 = 15, Since tlu 3 voltage 
fed back is opposite in phase to the impressed voltage, 6 = 180 degrees. 
Below the mid-band range, corresponding values of \A0\ and $ are 
found from Fig. 6-30. Thus, Avhen 03Li/(rp -f rf) is 0.3, lA^/Aml - 0.3 
and the phase shift relative to the mid-band phase is 73 (h^gixa^s Icuiding. 
Hence \Ap\ = 30 X 0.3 X 0.5 = 4.5 and 6 == 180 + 73 = 253 degrees. 
Above the mid-band range Fig. 6-31 is used in a similar manmn’. Thus, 
if Qo is 1.0, |A/t/Am| is 1.1 when o)/o)o is 0.5, and the corres|)()iiding pliase 
angle relative to the mid-band value is 33 degrees lagging. Therefore 


1 Black, loo . cU , 
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|^/3| = 30 X 1.1 X 0.5 = 16.5 and 6 = 180 — 33 = 147 degrees. Other 
corresponding values of |d.^l and 6 are found in a similar manner. 

Typical polar diagrams are shown in Fig. 6-39. Diagram a is that 
for the resistance-capacitance-coupled stage obtained when zj, in Fig. 
6-40a is a resistance. Diagram b is for the transformer-coupled stage 
of Fig. 6-406, and diagrams c and d are for the two-stage feedback 
amplifier of lig- 6-416. In these diagrams the phase angle is indicated 
relative to the position of the input voltage vector. The circuits of 
Figs. 6-40 and 6-41 are such that the feedback voltage at mid-band 



Kid. 6-30.—I’olar diagrams for (a) tho circuit of Idg. 6-40a with uonreaotivo load, <b) the 
circuit of Fig. 0-406, and (c) and {d) tlie circuit of Fig. 6-416. 

frequencies is opposite in phase to the applied voltage. The feed¬ 
back vector is, therefore, negative at these frequencies and is drawn 
to the left of the origin. It should be noted that equal arc lengths* or 
angles of the polar curve do not necessarily represent equal frequency 
ranges. The vector will, for instance, remain fixed in magnitude and 
direction throughout any frequency range for which the amplification', 
of the amplifier and the attenuation of the feedback network are constant.. 
By means of a simple vector diagram, or from the relation 

V(i'^yT'6“ = 1, 

the student may show that the locus of all values of A/3 for which 

11 - Adi = 1 

is a circle of unit radius on the polar diagram, having its center at the 
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point 1, jO. From the definitions of degenerative and regenerative 
feedback it follows that for all frequencies at which Ap terminates 
within this circle the amplifier is regenerative, and for all values of 
frequency for which terminates outside of this circle the amplifier is 
degenerative. Figure 6-396, for example, shows that the amplifier of 
Fig. 6-406 is regenerative at frequencies higher than that corrc.sponding 
to point P; it is degenerative at lower frequencies, and is unaffected by 
feedback at the frequency corresponding to P. The beneficial effects 
of the feedback are obtained only in the frequency range in which the 
feedback is degenerative. 

6-36. Oscillation.—Equation (6-85) shows that the amplification 
of a feedback amplifier is infinite if A|8 = 1 -f- jO. Under tins condi¬ 
tion, oscillation takes place. Nyquist has shown^ that this is not the 
only condition under which the amplifier will oscillate but that oscillation 
will occur if the polar diagram formed by plotting A0 and its conjugate 
encloses the point 1, jO. An inspection of Fig. 6-39 shows that such a 
polar diagram cannot enclose the point 1, jO, if the absolute value of Afi 
is less than unity when the feedback voltage is in phase with the input 
voltage (d = 0). This requirement can be met with ease in several 
common types of amplifiers. Practical negative-feedback amplifiers are 
designed so that the feedback voltage is opposite in phase to the input 
voltage at the middle of the frequency band, where the rc.spon.se curve is 
flat. Oscillation will not occur if the phase shift of the feedback voltage, 
relative to its phase at the middle of the band, at no time reachcjs 180 
degrees, or if the absolute value of A^ falls below unity before the relative 
phase shift reaches 180 degree.^. Figures 6-12, 6-14, 6-30, and 6-31 
show that the high values of relative phase shift occur at frecpumcies 
for which A is small, so that it is po.ssible to prevent oscillation in one-, 
two- or three-stage resistance-coupled inverse-feedback amplifiers and in 
single-stage transformer-coupled inverse-feedback amplifier,s. 

6-36. Practical Inverse Feedback Circuits. —Since tlic over-all 
amplification of a feedback amplifier is A/{1 - Ap), reduction of dis¬ 
tortion and noise and increase of supply-voltage stability are obtained 
with less sacrifice of over-all amplification if the feedback factor .4/3 is 
increased by increasing A, rather than by increasing /3. For tlii.s rcuison 
the advantages of inverse feedback increase with amplification i>er stage 
and with the number of stages. Becau.se very high stage gain can be 
realized with tetrodes and pentodes, they are almost always ti.sed in at 
least the voltage amplifying .stages of a multistage feedback amplifier. 
In the diagrams of Figs. 6-40, 6-41, and 6-42, all tulms are shown as 
triodes in order to eliminate those portions of the circuits not actually 
involved in feedback. Tetrodes and pentodes merely require additional 

^ TSTyqtjist, loc, ciL 
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fixed grid voltages. The condensers shunting the self-biasing resistors 
are assumed to be sufficiently large so that negligible feedback is pro¬ 
duced by the resistors that they shunt. 

Figure 6-40a shows one of the two basic types of single-stage negative 
feedback circuits. For the special case in which Zh is a resistance, the 
polar diagram, shown in Fig. 6-39a, is readily drawn by the use of Figs. 
6-12 and 6-14. This diagram does not intersect a circle of unit radius 
drawn about The point 1, jO, and does not enclose this point. This 
type of amplifier is, therefore, always degenerative and cannot oscillate. 
If Zb contains inductive reactance, the relative phase shift approaches 
180 degrees lead at low frequency, and the diagram is in the fourth 




Fig. 6-40.—Singlo-stago single-sided invors<3-feedback amplifiers.. 


quadrant at low frequency. The diagram does not enclose the point 1, 
jO, but at low frequency is within the unit circle about this point. The 
amplifier is therefore regenerative at low frequency but does not oscillate. 
The impedance Zb in Fig. 6-40a may be the primary of an output trans¬ 
former. The feedback voltage may also be taken from the secondary 
of the transformer, as in Fig. 6-406. No isolating condenser need then 
be used. The polar diagram for this circuit, derived by the use of 
Figs. 6-30 and 6-31, is that of Fig. 6-396. This diagram shows that the 
circuit is regenerative at high and low frequencies, where the gain has 
fallen to low values, but that oscillation does not take place. 

The second type of single-stage circuit, shown in Fig. 6-40c, makes 
use of the bias resistor to provide feedback voltage. ^ = rj/Zb and 
.4 = — fjLZh/(rp + Zb + Tf). The polar diagram may be derived from these 
expressions for /3 and A . The feedback factor can be increased above that 
obtainable with the biasing resistor alone by use of the modified circuits 
of Figs. 6-40d ‘and 6-40e. 
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rigxire 6-41a siiows the basic iiiYerse feedback circuit that is ordi¬ 
narily used in a two-stage resistance-capacitance-coupled amplifier. 
The feedback yoltage must be applied to the first tube in a different 
manner from that of Fig. 6-4Qa because of the added phase shift which 
takes place in the second stage. At frequencies for which the reactance 
of the condenser (7/ is negligible, = — r//(r/ -1- r/). Figure 6Alb shows 
a modification of Fig. 6-4la in which the use of an output transformer 
makes the coupling condenser unnecessary. Polar diagrams for this 
amplifier are shown in Figs. 6-39c and 6-39d. Diagram c is for the case 
in which gain of the resistance-coupled stage begins to fall off at about 
the resonance frequency of the transformer stage. Diagram d is for the 
case in which the gain of the resistance-coupled stage is uniform to 
frequencies at which the amplification of the transformer stage has 



fallen to a low value. Both amplifiers are regenerative at low and liigh 
frequencies, hut only the former will oscillate. 

In a three-stage resistance-capacitance-coupled amplifier the relative 
phase shift approaches 270 degrees at very low and very high frequency. 
To prevent oscillation when inverse feedback is used, it is ne(‘,essary to 
ensure that at the extremes of the frequency band, where the phase shift 
is high, the amplification has fallen sufficiently so that \A^\ < 1. This 
may be accomplished by designing one stage to have nearly uniform 
amplification, and hence small phase shift, up to and beyond the fro 
quency limits at which the amplification of the other two stages falls to 
such a low value that |A/3| <1.'^ Because the phase shift in a trans- 
former-coupled stage may approach 180 degrees at high frequency iinless 
the transformer secondary is loaded, it is not feasible to use inverse 
feedback in multistage transformer-coupled amplifiers unless low >shunting 
resistances are used across the secondaries.^ 

Figure 6-42 shows two methods by which negative feedback may be 
applied to a push-pull stage. Circuit a corrects for loss of gain at low 
frequency caused by falling primary reactance^ but does not correct for a 
1 Termeaist, F. E., Mlectronics, January, 1937, p. 12. 
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falling high-frequency characteristic caused by distributed capacitance of 
the secondary of the output transformer. Circuit b corrects for both, 
but some difficulty may be experienced in obtaining sufficient feedback 
voltage with a low-impedance secondary load such as a loud-speaker voice 
coil. The use of feedback on only one side of a push-pull amplifier should 
be avoided, and less distortion is obtained in push-pull amplifiers with 
transformer output when the feedback is between points at which the 
amplifier is single sided. ^ 

The circuits of Figs. 6-40a, 6-406, 6-41, 6-42a, and 6-42& give all the 
benefits that have been discussed and in addition result in increased 
damping of transient oscillations of a loud-speaker,^ used as the load. 
Solution of equivalent plate circuits for these circuits, when the load 
impedance is replaced by a generator of zevo internal resistance and 
voltage Ej shows that the effective internal impedance between the output 



Fia. 6-42.—Single-stage puHli-pull iiiverse-feedback amplifiers. 


terminals of the amplifier is changed by the factor 1/(1 -- Ap) by feed¬ 
back. Negative feedback therefore reduces the effective resistance 
shunting the loud-speaker and thereby increases the speaker clamping. 

In the circuits of Figs. 6-40c, 6-40d, and 6-4()c, ^ varies with load 
irnpedancjc, and therefore feedback does not correct for frequency dis¬ 
crimination caused by variation of load impedance. These circuits do, 
liowever, reduce harmonic distortion and hum, and increase the gain 
stability. Solution of tlie equivalent plate circuits for the circuits of 
Figs. 6-40c, 6-4()c/, and 6-4()c with a generator in place of the load shows 
that the effeudvive terminal imiiedance is Vp + ^/(l + A). The increase 
of effective rc^sistance shunting the loud-speaker reduces the damping 
with these circniits. 

Ample improvement in amplifier characteristics and performance is 
usually attained with a negative-feedback factor equal to 3 or 4 (approxi¬ 
mately 10 to 12 db) in tlie mid-band frequency range. For an amplifier 
designed for carrier telephone service, Black reported distortion energy 


1 Day, J. R., and Rubselij, J. B., Electronics, April, 1937, p. 16. 

2 Dekyek, j. F., Je., Electronics, April, 1936, p. 18; July, 1936, p. 30; Maetin", L., 
Radio Eng,, May, 1937, p. 13. 
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75 db below signal energy, as compared with 35 db without feedback, and 
gain stability better than 0.0007 db per volt change of plate voltage. 
Figure 6-43 shows frequency-response curves of an amplifier with and 
without feedback. A Class B amplifier with inverse feedback, and dis¬ 
tortion curves for this amplifier, are shown in Figs. 8-28 and 8-29. 
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“■Frequency-response curves showing the reduction of frequency distortion that 
results from inverse feedback. 


Figure 6-44 shows a push-pull direct-coupled amplifier in which inverse 
feedback is used to stabilize against changes of supply voltage and tube 
characteristics, to reduce distortion, and to afford a simple means of 
controlling amplification.^ The feedback is controlled by means of the 
variable resistance J?i. The potentiometer P and variable resistance Rt 


JOrneg 



Fig. 6-44.—Push-pull direct-coupled amplifier with inverse feedback. 

are coarse and fine balancing controls. The amplification of this ampli¬ 
fier ranges from 10® to 10® and the response curve is flat up to 10,000 cps. 

6-37. Use of Inverse Feedback to Obtain High Selectivity. —Ampli¬ 
fiers having very high selectivity may be obtained by the use of inverse 
feedback by taking the feedback voltage from the output of the amplifier 

I Goodwin, C, W., FoZe J. Biol, and Med., 14, 101 (1941). 
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through some form of resonance bridge, such as those discussed in Sec. 
15-16,^ The output of the bridge is zero at resonance but increases 
rapidly as the frequency departs from the resonance value. The ampli¬ 
fication is therefore high at resonance and falls rapidly on either side of 
resonance. A typical circuit is shown in Fig. 6-45.^ In this circuit, 
the effective Q, which is a measure of the selectivity of the circuit, is 
Qo[l + ARs/(Rz + Rz)], in which Qo is the Q of the tuned arm of the 
bridge and A is the voltage amplification of the amplifier without feed¬ 
back. Values of effective Q ranging from 2000 to 5000 may be readily 
realized with this circuit at audio and low radio frequencies. By means 
of the potentiometer P the selectivity may be varied without changing 
the amplification at resonance. The circuit of Fig. 6-45 and similar 



Fio. 6-45.—The use of inverse feedback to obtain high selectivity. 

circuits are used in oscillators (see Sec. 10-39), wave analyzers (see Sec. 
.15-38), and other instruments. 

6-38. Use of By-pass Condensers. —The presence of impedance in 
the voltage supply of a multistage amplifier or in a common lead between 
the voltage supply and the plates or other electrodes may result in 
objectionable feedback or even oscillation.® An example of a circuit 
in which a resistance common to several stages may lead to oscillation 
is given by Fig. 6-46. The resistance r may be that of a worn battery, a 
poorly designed power supply, or of a voltage-dropping resistor. The 
arrows indicate tlie directions of the instantaneous alternating plate 
currents of the three tubes resulting from an instantaneous applied 
voltage that swings the grid voltage of tlie first tube in the positive 
direction. Because of amplification, ipi + ipz exceeds ip 2 , and so the 
drop through r is in the direction shown. This voltage drop is added 
to that caused by the flow of ipi tlirough the i^Jiate resistor of the first 
stage, and the alternating voltage applied to the grid of the second tube 
is greater than it would be if r were zero, A number of other similar 
feedback effects take |)lace between stages because of r, but these are of 
smaller magnitude. If r is large and the gain of the amplifier high, the 

1 Atoustadt, U. S, Patent 2106785; Scott, H. H., Proc. IJIB., 26, 226 (1938); 
Tbrman*, F. E., Bxtss, R. R., Hkwlett, W. R., and Cahill, E. 0., Proc* IJLE.j 27, 
649 (1939). 

2 Tkbmax, Buss, Hewlett, and Cahill, ibid. 

3 Andbeson, J. E,, Proc. IJi.E., 16,195 (1927); Tamm, R., E.T.Z,, 67, 631 (1930). 
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feedback may be sufficiently great to cause oscillation. This may be 
prevented by shunting r with a condenser Cj whose reactance is small 
throughout the amplification range. Because wound paper condcuisers 
have appreciable inductance, large condensers of this type should be 
shunted by small condensers that are effective at radio frequencies. 

A common source of feedback in audio-frequency amplifkn’s is 
B-supply regulation. Because of variation of voltage drop through the 



Fig. 6-46. —Circuit diagram showing the manner in which common i)lat.c euiudy 
impedance causes regeneration in a multistage resistance-coupled ami)lifier with an odd 
number of stages. 


rectifier tubes and filter, the terminal voltage of a B-supply varies with 
the current drain. This type of feedback causes low-frequency oBoilla- 
tion, aptly termed motorboating. Feedback resulting from B-supply 
regulation can be reduced by using in each stage a decoupling filter c«>n- 
sisting of a resistance and a condenser, as shown by the heavy liiieK. of 
Fig. 6-47.1 Better filtering may be obtained, particularly * in radio¬ 
frequency amplifiers, by the use of 
chokes instead of resistors. Chokes 
have the additional advantage of not 
reducing the operating plate voltage 
greatly. Better methods of iircvcnt- 
ing motorboating are to make the 
gain of the amplifier small enough at 
very low frequency so that this low- 
frequency oscillation caninrt occur,® 
, , , or to use inverse feedback. VVtueui 

voltage-dropping resistors must be used to reduce the electrode voltages 
of the tubes of a number of stages, it is in general advisable to use indi¬ 
vidual resistors and by-pass condensers for the different tubes. 

The tendency toward motorboating is much less in push-jiull ampli¬ 
fiers than in smgle-sided amplifiers, since voltage drops in voltage-supply 
impedances are normally in phase opposition for currents of the two aides 

^ RCA Application Note 67. 



Fig. 


6-47.—Plate decoupling 

(heavy lines). 


filters 
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of the amplifier. There is, however, the possibility that voltage from the 
output may be fed back to the input in such a manner that the grid 
voltages of the two input tubes are in phase. The two tubes in each 
stage respond to this type of excitation as though they were in parallel, 
instead of in push-pull, and so motorboating may result.^ This difficulty 
is prevented by the use of inverse feedback. It is of interest to note that 
the feedback control in the circuit of Fig. 6-44 is such that it does not 
reduce the inverse feedback insofar as action of the tubes in parallel is 
concerned. 

6-39. Use of Vacuum Tubes as Variable-impedance Elements.^— 

Vacuum tubes may be used in obtaining an impedance the magnitude 
and phase angle of which may be readily 
varied. Inductive reactance may be produced 
by circuits containing only capacitances and 
resistances, and capacitive reactance by circuits 
containing only inductances and resistances. 

Negative effective resistance may also be 
readily produced. 

Figure 6-48 shows one type of impedance- 
conversion circuit. In this circuit the alternat- Fia. 6-48. ■ Roaotance-tubo 
ing plate voltage is the voltage across C and r, circuit, 

whereas the alternating grid voltage is that across r. Since the voltage 
across r leads that across the series combination of C and r, and the grid 
voltage has more effect upon the plate current than does the plate 
voltage, the plate current leads the plate voltage. The tube therefore 
acts as an impedance having a capacitive component. Solution of the 
equivalent plate circuit shows that, b(d)ween the input terminals A and 
B, the circuit acts like a parallel comlrination of capacitive reactance, a:® 
and resistance of values (see Prob. 4-3).*'* 

^ 1 ) 

+ r,.) 

+ 1 ) 

+ 1 

1 he effective capacitance between /I and B is 

c. == + 1) (6-99) 

^ Goodwin, loc , cit 

^Travis, 0., Proc. LR.E.^ 23, 1125 (1935); StiKAFFim, C. P., Proc. I.R.B.^ 28, 
66 (.1940); Enicu, If. J., Proc;. LRJL^ 30, 288 (1942); Ueunbtti, G., and Grkeno'ugu, 
L., Proc. LR.JL, 30, 542 (1942). See also Secs. 10-23 and 10-24 and Probs. 4-3 to 4-5. 

® Bkpressioris may, of (jourso, also be derived for eciuivalent series resistatuio arul 
reactance. 


( 6 - 97 ) 

( 6 - 98 ) 
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If g^r, is much larger than unity, the second term in the parent,lu'w^s 
may be neglected. C, then has its maximum value when r = I wd 
and the maximum value of effective capacitance is 

Max. C, (0-100) 


The corresponding value of effective shunting resistance is 

r« at max. C« = — (6-101) 

Qm 


Since the transconductance depends upon the grid bias, tiio effective 
capacitance can be changed by means of the grid bias. 



Fig. 6-49.—Variants of the reactanoo-tub© circuit of Fig. 6 - 48 . 


Equation (6-100) indicates that large effective capacitance neeefc«i- 
tates the use of tubes with high transconductance. liquation (6-101) 
shows, however, that the effective shunting resistance varies inversely 
with transconductance. It follows that the use of a high-transc<)iiductr 
ance tube in order to obtain high effective capacitance results in low 
effective shunting resistance, which may be undesirable in some appliem* 
tions of the circuit. 

If and m are large in comparison with unity, the effective condiictr 
ance is zero (the effective shunting resistance is infinite) whem the grid 
voltage is approximately 90 degrees out of phase with the plate voltage. 
This phase relationship can be attained in the circuit of Fig. (1-48 only 
by making mC zero. The grid voltage and, therefore, Ce are then also 
zero. Figure 6-49 shows two circuits in which the required phases relation 
can be attained without reducing the alternating grid voltage to studi 
an extent that the effective capacitance is too small to be useful. Circuit 
a incorporates a transformer of such turn ratio and coupling that the 
application of the voltage E to the plate circuit results in the applica¬ 
tion of a voltage hE to the grid circuit, in phase opposition to the voltage 
applied to the plate circuit,^ Solution of the equivalent plate circuit 

^ Sheafpeb, he , at , 
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shows that, under the assumptions that rg^ > > & + 1 and that the 
primary impedance of the transformer is infinite, the effective input 
conductance is zero when 

{rCc^y = T . A (6-102) 

/X “T i 

If kg, is considerably larger than unity, the effective input resistance is 
infinite when (rC(»y^ is equal to fc, i.e., when the resistance r is equal to 
'x/A times the reactance of the condenser C. This is also the approximate 
criterion for maximum effective capacitance, which is given by the relation 

Max. C, s (6-103) 

CO 

Comparison of Eqs. (6-100) and (6-103) shows that, when k exceeds 
J, the circuit of Fig. 6-49a gives greater maximum effective capacitance 
than the circuit of Fig. 6-48. The fact that the effective resistance 
shunting this maximum effective capacitance is theoretically infinite 
may be a great advantage in some applications of the circuit of Fig. 6-49. 
Because the primary impedance of the transformer is not infinite, can¬ 
not be made infinite in practice. It may, however, be made large. The 
type of transformer used in this circuit depends upon the frequency at 
which the circuit is to be used. An audio interstage coupling transformer 
may be used at audio frequencies, and singly or doubly tuned transformers 
at radio frequencies. 

In the circuit of Fig. ()-495 the proper phase relation between the grid 
and plate voltages is achieved by the use of a two-stage resistance- 
capacitance coupling network. Analysis of this circuit shows that, when 
rgm is large in comparison with unity, the effective admittance between 
A and B is given by E]q. (6-117). If g equals or exceeds 15, the effective 
conductance can be made zero by proper choice of rwC. For values of g 
equal to 20 and lOO, respectively, the conductance is zero when mC is 
equal to 0.53 and 0.96, and the corresponding values of effective capacit¬ 
ance are 0,14:7gm/oo and (),Z2gn,/o). At large values of g the effective 
capacitance approaches the limiting value It should be noted 

that increasing the value of g decreases the amplitude of the voltage that 
can be impressed upon the circuit without overloading. A power pentode 
such as the 6F6, which combines relatively high values of g, nnd allow¬ 
able grid swing, is a good tube for this circuit. 

Although the tubes in E"igs. 6-47 and 6-48 are shown as triodes, the 
plate and grid may be replaced by any two electrodes of a multielectrode 
tube if the control electrode is maintained sufficiently negative to prevent 
the flow of electrons to it. In particular, the plate and grid of Fig. 6-48 
may be replaced by the screen and suppressor, respectively, of a pentode, 
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the plate and first grid voltages being maintained constant, as shown in 
Fig. 6-50. Appropriate changes of symbols then transform Eqs. (6-97) 
and (6-98) into (see Prob. 4-4) 


+ 1 ) 

Cco (/X23r + Tg^) 

■ + 1 ) 

+ iU23) + + 1 


(6-104) 

(6-105) 


in which Tg^ is the screen resistance, and ix^z is the screen-suppressor niu- 

—— - factor. Because an increase of negative suppressor 

==c j-- voltage reduces the number of electrons that go to 

- — _the plate, the screen current increases with a nega- 

I tive increment of suppressor voltage, yin is there- 

1”" fore negative. Since the magnitude of is greater 

Ljj_J_j|_ij_than unity, may be negative; and since |ja 23 lr may 

Pi(j 6 50 —Pen greater than the numerical value of Xe may 
tode reactance-tube be positive, i.c., the effective reactance between A 
and B may be inductive. The circuit thus acts like 
a negative resistance in parallel with (or in series with) an inductance.^ 
Expressions for Xe and re may be readily derived for circuits in which 
the capacitance is replaced by an inductance and for those in which the 
position of the condenser or inductance is interchanged with that of the 
resistance. 2 


A second type of circuit that may be used in changing the phase angle 
or magnitude of an impedance is shown in Fig. 6-51. By the use of 
inverse feedback and of low load impedance in the final stage of the 
amplifier, the voltage amplification A 
is made independent of r and C 
throughout the frequency range in ^ 
which the circuit is to be used. The 
output voltage AE is then in phase 
with or in phase opposition to the ^ 
impressed voltage E, A is assumed to 
be positive when the relative polarities 6-51.—Ai^piifier-type reactance- 

of the instantaneous input and output 

voltages are as indicated by the signs in Fig. 6-51. Under the assumption 
that the input impedance of the amplifier is infinite, the current resulting 
from the application of the voltage E is 



^ Actually the circuit acts like an inductance only in that the current lags the volt¬ 
age. Since the instantaneous value of the reactive voltage between A and B is pro¬ 
portional to tbe integral of tie current, rather than to the rate of change of current, 
it is more correct to say that the circuit acts like a negative capacitance. 

^ Reich, he. cit. 
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I = 


E - AE 
r+ l/jcoC 


( 6 - 106 ) 


and between the points A and B the circuit acts like a parallel combina¬ 
tion of reactance x,, and resistance of values 


+ 1 


wC(l - A) 
-f 1 

— 


(64.07) 

(6-108) 


or like a series combination of reactance x/ and resistance rj of values 


a:*. 


1 

(1 '- 1 ) 0,0 
T 


(6-109) 

(6-110) 


If the amplifier contains an odd number of stages, the output voltage 
is in phase opposition to the input voltage (both being meafSiired relative 
to the common terminals) and the numerical value of A is negative in Eqs* 
(6-107) and (6-108). The Effective resistance is then positive and the 
reactance capacitive. The equivalent capacitance is 


. ^ (1 - 4 )C 

+1 


( 6 - 111 ) 


At a given value of C, Ce has its maximuni value wlien r is zero. The 
effective resistance shunting Ch,is then infinite and the effective capacitance 
is 

Max. a - (1 -A)C (6-112) 

It is-evident that very large values of effective capacitance can bo 
obtained witl:i this circuit if A is large. Since A may* bo varied by means 
of the bias of one or more grids of a stage to wliich inverse feedback is 
not applied, the value of tlio effective capacitance may be readily varied. 
The input voltage must, of course, be maintained low enough to prevent 
overloading of the amplifier. 

If the amplifier of Fig. 6-61 contains an even number of stages, the 
numerical value of A is positive in Eqs. (6-107) to (6-110) and the circuit 
acts like an inductive reactance^ in parallel with (or in series with) a 
negative rcKsistance, the value of which may be rnade^ low by the use of a 
high-gain amplifier. If the condenser C in the circuit of Fig. 6-51 is 
replaced by an inductance, the circuit acts Iike.#n effective capacitance 
in parallel with (or in series with) a resistance. 

^ See footnote 1, p. 214, 
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Figure 6-52 shows another circuit by means of which the magnitude 
or phase angle of an impedance may be varied with the aid of a vacuum 
tube. Applications of this circuit are limited for the 
1 ^ following reasons: It does not give an inductive react- 
V ance when x is capacitive, it cannot be uschI 1.0 produce a 
negative resistance, the effective capacitance is alwayH 
less than the capacitance of a:, and the effective shunting 
resistance cannot he made infinite. 




-ih 


Fig. 6-52.— 
Series reactance- 
tube circuit. 


Problems 


6-1. Show that the voltage amplification of a »iugkv«t»|c» 
amplifier with nonreaotive load n and self-biasing resistor Ra without a by-pawH con- 
deaser (see Fig. 4-30a) is 


A = - 


P>rb 


1 + n + 


(e-iiai 


Cc 



6-2. a. Draw the equivalent circuits for the amplilier of Fig. t>-53. 

2). Neglecting interelectrode capacitances, derive a general (^xprc'HKion for tlie 
voltage amplification of each stage. 

c. Ti and are type 6J5 tubes, operated at a plate supply voltagt^ of 250 vulti 
and a bias of ~6 volts, and the circuit elements have the following values: 


Ti » 50,000 ohms Cc « 0.005 fl 
n - 250,000 ohms « 50,000 ohms 

Find the gain in decibels of each stage and of the amplifier at 60, 100, and 1(M)0 
Check by means of Fig. 6-14. 

d. Repeat (c), substituting type 6SJ7 tubes for type 6J5. Use the values ft » 15TO 
and Tp — 1.5 megohms. 

e. Discuss the suitability of these amplifiers for use at frequencies Ixstween 50 and 
3000 cps. 

/. Determine the size of the cathode resistors necessary to provide thcj reqiiirfMl 
bias when type 6J5 tubes are used. 

6-3. Design a two-stage resistance^oapacitance-coupled voltage amplifier tising 
6SF5 tubes, which will give^he highest voltage amplification consistent with uniform 
response in the range from 100 to 10,000 cps. The output of the amplifier is to be 
applied to the deflecting plates of a cathode-ray oscillograph, 11m capacitance of 
these plates ap4 tbeir leads is 5 iijA, 
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6-4. a. Plot a frequency-response curve for the amplifier of Prob. 6-2, using type 
6J5 tubes and the circuit constants listed in part (c) and taking interelectrode capaci¬ 
tances into account. The output of the second stage is shunted by a 4-/ujuf capacitance. 
Cgk = Cgp = 3.4 /i/if; Cpk — 3.6 /i/if. 

6. What should be done in order to reduce frequency distortion in this amplifierf 

5- 6. By graphical methods determine the maximum crest fundamental voltage 
output and the voltage amplification of a type 6J5 triode in class A1 operation under 
the following operating conditions: 

Ehh = 250 volts 
Ec == — 6 volts 
Th ^ Rb — 100,000 ohms 

The harmonic content must not exceed 5 per cent. Grid current starts flowing at 
dc = —0.5 volt. 

6- 6. a. By graphical methods determine the maximum crest fundamental voltage 
output and the voltage amplification of a type 6SF5 triode in class A1 operation under 
the following operating conditions: 

Ebb 300 volts 
E(, « —1.5 Volts 
n ^ Rb ^ 500,000 ohms 


The harmonic content must not exceed 5 per cent. Grid current starts flowing at 
de » —0.76 volt. 

6. Bepeat (a) for a 6SF5 tube in the first stage of the circuit of Fig. 6-53. 

Ebb « 300 volts ri « 500,000 ohms 

Ea “ —1.5 volts n « 1,000,000 ohms 

/ « 1000 cps Cc « 0.01 /uf 

6-7. a. By graphical methods find the voltage amplifu^ation of a type 6SF5 triode 
for the following operating conditions: 

Ebb “ 250 volts n « Rb “ 1 iru^golun 

Me » —1.5 volts Egm, « 1 volt 

1. Find Tp and /a at the operating point and find A by t-he ilse of Eep (6-1). 

c. Find the required resistance of the self-biasing resistor. 

<L By means of hlq. ((>113) of Proh. 6-1 find the voltages amplification when the 
self-biasing resistor is used without a by-pass condenser. 

6-8. a. Assuming that t%>> ri d- jcoL, show that the high-frequency ampli¬ 
fication of the circuit of Fig. 6-17c is 


Ah 


tx{f\ d-jeoL) 

3oi(hrp{ri -V jt^L) d- + ri -p /wA 


5. Show that if r,, > > ri + iwL, Eq. (6-114) reduces to 


Ah 


Ti Hh jojL 


(6-114) 


(6-115) 


c. Transform Kq. (6-115) into Eq. (6-30). 

6-9. An audio-frequency interstage coupling transformer has the following 
constants: 
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Primary inductance Li . 

Equivalent leakage inductance, referred to the secondary, 

Le . 

Equivalent distributed capacitance, referred to the 

secondary, Ce . 

Primary resistance ri . 

Secondary resistance r 2 . 

Turn ratio n .. 


25 herirys 

2 henrys 
80 

850 ohms 
10,000 ohms 

3 


a. This transformer is used to couple a type 6J5"tuhe to a type 2A3 tulx^ The 
operating voltages of the 6J5 are Eho — 250 volts and Be - “8 volts. ('Onstriict a 
frequency-response curve for the first tube and transformer. 

b. Show that excessive frequency distortion results when the typ<‘. (>.J5 tube is 
replaced by a type 6SJ7 tube used as a pentode. 

6 - 10 . a. For the transformer whose constants are given on pag(^ 100 detoriniue 
the coefficient of coupling that will give a 10-kc separation of resonama^ pc^aks with a 
type 6SK7 tube. 

h. Find the voltage amplification corresponding to the peaks and to f lu^ trough 
of the response curve when the control-grid voltage is — 3 volts, 

6 - 11 . Design a two-stage amplifier for use with an electroniagmdic oscillograph 
that requires a crest alternating current of 50 ma for full deflection. Ilt^sistaiua* of the 
element is 5 ohms. In order to make possible the study of transients a,t very low 
frequency, the response should be uniform down to ssero frequenc^y. Full deflection 
must be obtained with an input voltage that does not exceed 1 volt-, a.nd amplitude 
distortion must not exceed 5 per cent. Specify all circuit c()nsta.ntH and voltages. 

6rl2. The terminal voltage of a 120-volt d-c generator is regulated by applying the 
voltage to the input of a two-stage amplifier in such a manner tlnit d(‘(‘.r(‘asc^ of terminal 
voltage increases the field excitation and thus raises the v()ltag(a Tln^ atd.ion is as 
follows: If the terminal voltage tends to fall by 1.05 volts with iiicr<^aHe of loatl, the 
amplifier increases the field current sufficiently to raise the induced voltage l>y 1 volt, 
so that the net change in terminal voltage is only 0.05 volt. Tlie average fiehl current 
is 50 ma. In the normal range of field current a 1-ma cliangc results in a 0.1-volt 
change of induced voltage. 

a. Choose a suitable tube to control the 50-ma field current. 

Field resistance = 2000 ohms. 

h. Determine the change of grid voltage of this tube that is ntaa^ssary in order to 
raise the induced voltage by 1 volt. 

c. Choose a first-stage amplifier circuit and tube such that the ().05-v<>lt drop in 
terminal voltage will give the necessary change in the grid voltages (yf t sc(*ond tube, 

d. Draw a circuit diagram, specifying all circuit constants, opcu’at ing voltages, 
and supply voltages. 

6 - 13 . Construct a polar diagram for the circuit of Fig. 6-4 in used with th(‘ folk)W- 
ing tubes and circuit constants: 

0J7 n = 500,000 ohms 0/ = 0.1 iit 

T 2 6F6 (pentode) rs = 1 megohm r/ = 100,000 ohms 

zi,^n ^ 7000 ohms Cc = 0.01 gf r/ « 1000 ohms 

6 - 14 . The amplifier shown in Fig. 6-54 '‘motorboats(oscilbites at a freciueney 
of 2 or 3 cps) when used with a B-supply of poor regulation. The mot.orhoaiing stops 
when the switch S is opened but not when the first tube is removed. I4x|)lain, 
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Fig. G- 54.'—Diagram for problem 6-14, 


6-16. Design a voltage amplifier incorporating cathode-follower stages and having 
a voltage gain of 85 db from 100 cps to 500 kc and an effective input capacitance not 
to exceed 3 iiixL 

6-16. a. Show that the alternating grid voltage in the circuit of Fig. 6-496 is 


E 


u 


^4 _ 3ia3 ^ 
-f 7a2 + 1 ^ 


(6-116) 


where a = rcaC. 

6. Show that, if the product rgnt i« sufficiently large in comparison with unity so 
that the effect of the coupling circuit upon the effective admittance is negligible, the 
effective admittance between A and B is 


V tas ( m ~b l) a^ (7 — 4- Zjixa^ 

® .. (a^ 4.7j2'::j: 


(6-117) 


c. Plot a curve of a vs. fi for values of a that make the effective conductance zero. 

d. Plot a curve of effective capacitance (7„ vs. ix when a is chosen so that the effec¬ 
tive conductance is zero. 
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CLASS A AND CLASS ABl POWER AMPLIFIERS 

7-1. Methods of Analysis of Power Amplifiers. —The amplitude of 
the alternating plate current of power-amplifier tubes under rated con¬ 
ditions of operation is so great that nonlinear distortion is not negligible. 
A rigorous analysis based upon the series expansion for plate current 
should, therefore, take into account the second- and higher-order terms. 
By considering only the first term of the series, however, it is possible to 
derive a number of approximate relations, which, although they do not 
yield accurate numerical results, are useful in making a qualitative study 
of the effects of various circuit and tube factors upon the performance of 
Class A power amplifiers. An examination of Eqs. (3-41) and (3-57) 
shows that the second- and higher-order terms of the series expansion 
are absent only when Vp and ii are constant. Neglecting the second- and 
higher-order terms of the series expansion is therefore equivalent to 
assuming the static plate characteristics to be linear, parallel, and equi¬ 
distant. Much of this chapter will be devoted to the derivation of useful 
approximate relations based upon the first term of the series expansion 
and upon ideal static plate characteristics of constant slope and spacing. 
Considerable error may result from the application of these formulas to 
numerical problems. For this reason graphical analyses or, preferably, 
laboratory measurements must be made when accurate results are 
essential or when it is necessary to determine nonlinear distortion. 

As explained in Chap. 4, graphical analyses become very complicated 
when load reactance is taken into consideration. Although loud-speakers 
and other ordinary loads are not nonreactive, the assumption is usually 
made that the reactive component of load impedance may be neglected 
and the path of operation drawn as a straight line of negative slope equal 
to the reciprocal of the effective a-c load resistance. This assumption is 
justified because it leads to results which, although not accurate, are of 
great value in the analysis and design of amplifiers and which could 
otherwise be obtained only with great difficulty. Beyond Eq. (7-9), the 
treatment presented in this chapter is based upon nonreactive load 
impedance. For methods that take reactance into consideration, the 
student will find it profitable to refer to the literature on this subject.^ 

1 Geeen, E., Wireless Eng,, 3, 402, 469 (1926); Abdennb, von, M,, Prec. l.Il.E.^ 
16, 193 (1928); Bakclay, W. A., Wireless Eng., 6, 660 (1928); Whitehead, 0. C., 
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7-2. Power Relations in Vacuum-tube Plate Circuits.—Although 
the vacuum tube is replaced by an equivalent generator in series with the 
plate resistance in analyses based upon the equivalent plate circuit, 
power in an actual plate circuit can come from only one source, the B 
supply. The power supplied to the plate circuit by the source of direct 
plate voltage is 

Pi = 7ji I Ebbibdt ~ Ehhfp ib dt = Ebilba (7-1) 

where T is the period of the fundamental component of plate current. 
This input power is converted into a-c and d-c power developed in the 
load and into plate dissipation (heat) in the tube. This fact may be 
stated in the form of the equation 

Pi = F,> + Po + (7-2) 

in which Pj> is the plate dissipation, Po is the a-c output power developed 
in the load, and hm^Rh is the d-c power developed in the load. 

Equation (7-2) may be rewritten in the form 

P, - Pi - Po - (7-3) 

which states that the plate is not called upon to dissipate the portion of 
the input power that appears as output. If the input power remains 
essentially constant, the plate dissipation must rise as the output power 
is decreased by decreasing the excitation voltage. l’'his is true in Class A 
amplifiers, in which tlie average j)lato current lu under excitation does 
not differ greatly from the (|uiescent plate current Ibo^ Plate dissipation 
in Class A operation is thus a maximum when the excitation voltage is 
zero. At zero excitation, lha becomes Ib<> and Pi, as given by Eq. (7-1), 
becomes Ebhiho- liquation (7-3) then becomes 

Max. Class A P,, - hoEu. - ho^Jh - lUEm - hA) (7-4) 

By means of 'Eq. (3-30), Eq. (7-4) may l)c transformed into 

M'ax. Class A Pp - hoEb. (7-5) 

In Class A amplification, therefore, the plate dissipation will always be 
within the allowable value if the zero^-excitation plate dissipation hoEio 
does not exceed tlic rated maximum plate dissipation. In Class B and 
Class C operation, on the other hand, the power input falls more rapidly 

FzreZm Eng., 10, 78 (1933); S^chtino, F., Wireless Eng. (abstr.), 10, 165 (1933); 
Peeisman, a., RCA Rev., 2, 124, 240 (1937) (with bibliography); Jonkee, J. L. H., 
WireleM Eng,, 16, 274, 344, (1939); Faieweathee, A., and Wieuams, F. C., Wireless 
Eng., 16, 57 (1939). Peeisman, A,, Graphical Construction for Vacuum Tube 
Circuits,” Mc.Graw-HiU Book Gompany, Ine., New York, 1943. 
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than the power output as the excitation is reduced, becoming zero at 
zero excitation, and so the full-excitation plate dissipation must not exceed 
the allowable plate dissipation. As explained in Chap. 2, the energy 
lost in plate dissipation first appears as kinetic energy of the electrons, 
which is in turn converted into heat when the electrons strike the plate. 
The allowable dissipation depends upon the maximum temperature that 
the plate can acquire without giving off absorbed gas or emitting electrons. 
When not definitely specified, the maximum allowable plate dissipation of 
small receiving tubes may be assumed to equal the product of the maxi¬ 
mum values of rated operating plate current and plate voltage. 

7-3. Plate-circuit Efficiency. — Plate-circuit efficiency is defined as the 
ratio of the fundamental a-c power output to the power input of the plate 
circuit 



Plate-circuit efficiency is important for two reasons. First, increase of 
plate-circuit efficiency may result in reduction of first cost of an amplifier 
and associated power supply. Since the allowable plate dissipation is 
related to tube size, the required size of tube tends to decrease with 
increased plate efficiency. Increased efficiency reduces the required 
capacity of the B supply. Secondly, economy of operation increases with 
plate-circuit efficiency, both because of reduction of power input to the 
plate circuit, and because of possible reduction of cathode heating power 
as the result of reduced tube size. Economy of operation is of particular 
importance in battery-operated amplifiers and in very large a-c-operated 
amplifiers. 

• In a power amplifier, the load is usually coupled to the plate by means 
of an output transformer or a choke-condenser filter. Since the primary 
resistance of a well-designed output transformer or the resistance of an 
output choke is only a few hundred ohms, the d-c power ha Ri developed 
in the load, which serves no useful purpose, is ordinarily negligible. The 
output transformer or filter, therefore, not only prevents any objection¬ 
able effects that might result from the flow of direct current through the 
load, but also increases the plate-circuit efficiency. 

It is readily proved that the maximum theoretical efficiency of Class 
A amplifiers with transformer-coupled nonreactive load is 50 per cent 
when the distortion is negligible. In Fig. 7-1 is shown the path of opera¬ 
tion of a Class A amplifier with transformer-coupled nonreactive load. 
Since the discussion is not limited to any special type of tube, no static 
characteristics are shown. If the distortion is negligible, the waves of 
plate current and voltage are sinusoidal, and the power output is MpmEpm- 
Since distortion is assumed negligible, Iha is equal to If the d-c 
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resistance of the plate circuit is negligible, Bbb is equal to The power 
input, as given by Eq. (7-1), is hoBbo. Equation (7-6) gives the plate- 
circuit efficiency as IpmEpJ2IboBbo> As the path of operation is extended, 
Ipyn and Epm increase. Their maximum 
values are obtained when the path extends 
to the current axis in one direction and the 
voltage axis in the other. Then the plate 
current is Just reduced to zero at the negative 
peak of excitation voltage, and the plate 
voltage is reduced to zero at the positive 
peak of excitation voltage. Under this con¬ 
dition of operation I pm == Iio and Bpm === Eho- 
The plate-circuit efficiency is then or 50 
per cent. Actual Class A efficiencies are 
less than t50 per cent (see Secs. 7-10 and 
7-15). Class B and C efficiencies may exceed 50 per cent. 

7-4. Power Output.-^ —If only the first term of the series expansion 
for plate current is considered and Vp is zero the r-m-s plate current is 



Fuj. 7-1.—Generalized Class A 
path of operatioB. 


Tp + Zb 


The a])proxiinat(^ power outj)ut is 


. 

(:rp + + xp 


Ecpiation (7-8) iuu,y be written in the form 

a “ gmfj^ ^11 ^^^2 ^ Qxm 6 + 1 


(7-7) 


(7-8) 


(7-9) 


where cos 9 = rb/\z;\ and m = Equatioix (7-9) indicates that 

tubes used to deliver power should have a high product of amplification 
factor by transconductance. It also shows that the power output 
depends upon the load power factor and upon the ratio of the load imped¬ 
ance to the plate resistance and is proportional to the square of the 
excitation voltage. As would be expected, the power output at a load 
impedance of given magnitude is greatest for nonreactive load, for which 
cos ^ = 1. 

Differentiation of Eq. (7-9) with respect to w, all other quantities 
being held constant, shows that the power output is a maximum at a 
fixed value of grid swing when zt = Vp. From the definition of power 
sensitivity it follows that this is the criterion for maximum power sensi¬ 
tivity. It should be noted that this criterion for maximum power output 
holds only when the grid swung is constant and sufficiently small so that 
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nonlinear distortion is negligible. In most applications of power ampli¬ 
fiers the grid swing is large enough so that nonlinear distortion is not 
negligible. It will be shown that the grid swing must then be varied with 
load resistance in order to obtain the greatest outpirt consistent with 
allowable distortion, and that the best value of load impedance is not 
equal to the plate resistance. 

7-6. Optimum Power Output .—Optimum power output is defined 
broadly as the greatest power output that can be obtained at a given 
operating plate voltage, subject to limiting restrictions on operation. 
The load resistance that gives optimum power is called optinmni load 
resistance. Restrictions on operation that must be taken into considera¬ 
tion in the determination of optimum power and optimum load resistance 
include allowable nonlinear distortion, allowable grid currcuit, available 
grid-circuit input power, and grid and plate dissipation. 

7-6. Class A Power Amplifiers.—The flow of grid current involves a 
number of diflSculties, which will be discussed in detail in ( lhap. 8. In 
Class A amplifiers the objectionable effects of the flow of grid cuirrent 
more than offset the advantages resulting from the increase in excitation 
voltage that may be obtained by allowing the grid to swing positive. For 

this reason Class A2 operation is seldom used. It will not l)e discnissed 
further. 


In Class A1 amplifiers the operating restrictions are that nonlinear 
distortion and plate dissipation must not exceed the allowal)l(i values and 
that grid current must not flow. Since the nonlinear distortion at a 
given grid swing depends upon the load resistance and the location of the 
operatmg pomt, the maximum excitation voltage that can be used at a 
&ven operatmg plate voltage, without exceeding the allowalde nordinear 
distortion, varies with load resistance and with grid bias. Under the 
assumption that grid current starts flowing at zero grid voltage, ‘ the grid 
s^g must not exceed the grid bias. The limiting grid swing at a given 
peratmg plate voltage and load resistance is greatest when the grid 
biM IS adjusted so that the nonlinear distortion is equal to the allowable 
value when the grid swing is equal to the grid bias. Thin value of grid 

output 

is comS^[S'T ^ power output and load resistance 

resisW Asth^l nonlinear distortion upon load 

oltage must be adjusted so as to maintain full grid swing. Optimum 

grid is shghtly negattee.^^Beeause^th current may start flowing when the 

small in comparison with the bins of ^ age at which grid current starts flowing is 
tion is crdZr^LTl tWB assump. 
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Class A1 power output is defined as the greatest power output that can 
be obtained when the grid bias and excitation voltage are adjusted so 
that the harmonic content has a specified value, grid current does not 
flow, and allowable plate dissipation is not exceeded.^ Usually 5 per 
cent is accepted as maximum allowable harmonic content.^ 

7-7. Triode Class A1 Power 
Amplifiers.—The harmonic content 
of the alternating plate current of 
single-sided triode Class A amplifiers ^ 
is almost entirely second harmonic. ^ 

That the grid bias and excitation ^ 
voltage of a Class A1 triode power ;o 
amplifier must be varied with load ^ 
resistance in order to maintain full 
power output can therefore be shown 
by means of Eq. (4-37), which gives 





Plate Voltage 

Fk}, 7-2.—Triode plate diagram for Class 
A1 operation. 


the percentage second harmonic when the third and higher harmonics 
are negligible. 


Percentage Fh = 


Lu. + I 


rain 


2/?)j 


2(/xHttjc Iitiln) 


X 100 (4-37) 


In Fig. 7-2 the ratio of the poKitive to the negative swing of plate current 
is 

a _ I max ~Iu 

b ibi **” fmiii 

Combining Eqs. (4-37) and (7-10) give-s 


( 7 - 10 ) 


Percentage Ih = 100 


(f+0 


(7-11) 


Equation (7-11) showB that the Becontl-harmonic distortion increases 
with the ratio a/6. The sliape of triode characteristics is such that the 
ratio a/6, and hence the second-harmonic distortion, increases as the 
operating point is lowered at constant load resistance and decreases as 
the load line is made less steep by increasing the load resistance with a 
fixed operating point. 

As the load resistance is increased at a given value of plate voltage, 
the operating point can he lowered and the grid swing increased 
without exceeding the allowable distortion. This can be explained by 

1 Thus optimum is tlie inaxinumi full P, obtained as n is varied. 

2 Masba, Fkank, Froc. IJIE,, 21 , 682 ( 1933 ). 
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Ebb 

7-3.—Triode plate diagram 
showing the necessity of varying bias 
and grid swing with load resistance. 


Fia. 


reference to Fig. 7-3, in which, for simplicity, shift of the operating point 
with change of excitation is neglected. Let MN be the original load line, 
for which the distortion has the limiting value. Then let the load 
resistance be increased so that the new path of operation is 
Because the static characteristics of a triode are nearly parallel, the 
ratio a/b is more nearly equal to unity for the new load line, and so the 
amplitude distortion is less than the allowable value. The operating 
point may, therefore, be lowered to 0' by increasing the negative grid 
bias to the value Eo, giving a lower path of operation M'N\ for which 

nonlinear distortion is equal to the 
limiting value. This has two bene¬ 
ficial effects. (1) The increase of bias 
increases the allowable grid swing from 
the value Ec to the new value Ec and 
thus raises the power output obtained 
with the new resistance over the value 
obtained with the new resistance and 
original bias. (2) The reduction of 
operating plate current decreases the 
plate dissipation and increases the plate-circuit efficiency. 

7-8. Theoretical Value of Optimum Load and Optimum Power 
Output of Class A1 Triode with Transformer-coupled Resistance Load 
and Specified Plate Supply Voltage.^*—Several investigators have derived 
expressions for optimum load resistance and optimum power output based 
upon empirical equations for plate current. Because no single simple 
equation accurately expresses the plate current througliout the range of 
operation, most of these derivations have proved to be of little practical 
^value. More useful approximate expressions have been derived under 
the assumption that the static characteristics are linear throughout the 
operating range. Although accurate determinations can be made only 
by experimental or graphical methods, these expressions are often of 
considerable value in making rough computations and in predicting the 
general effect of various parameters upon the performance of power 
amplifiers. 

In the determination of optimum operating conditions it is possible 
either that the operating plate voltage is specified at a fixed vsdue, or 
that it may be adjusted to the optimum value consistent with allowable 
plate dissipation and distortioig. In the design of amplifiers using 
relatively small tubes, the operating plate voltage is usually fixed. This 
case will he analyzed first. 


^ Since condenser-cboke coiipling, illustrated in Fig. 5-17, is equivalent to coupling 
through a transformer having unity turn ratio, Sec. 7-8 and subsequent sections also 
apply to condenser-choke-coupled load. 
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The allowable plate dissipation determines the maximum operating 
plate current that can be used at a given operating plate voltage and must, 
therefore, be taken into consideration in determining the optimum load 
resistance, bias, and power output. Often, however, the allowable 
dissipation is high enough so that the operating point and load resistance 
are determined entirely by the considerations of amplitude distortion, 
flow of grid current, and power output. It is convenient, therefore, first 
to assume that the allowable plate dissipation is so high that it does not 
affect the choice of operating point, and then to see in what manner the 
procedure must be modified if the allowable dissipation limits the plate 
eurrent to a value less than that determined on the basis of harmonic 
content, flow of grid current, and power output. 



Fra. 7-4." -Idealized triode plate diagram used in dotoririining tlieoretical optimum load 
resistance and grid bias at fixed Mbo> 

One of the most frequently used rules for the choice of load resistance 
in triode power amplifiers with transformer-coupled load was first given 
by W. J. Browii.^ Brown’s derivation is based upon the assumptions 
that the operating plate voltage is fixed and equal to the plate supply 
voltage^ that the minimum plate current is not varied with load 
resistance, that the plate characteristics are straight, equidistant, parallel 
lines, and that the allowable plate dissipation is large enough so that it 
does not affect the choice of operating point.^ The following derivation 
is a modification of that of Brown. 

Assuming that the plate characteristics are straight, equidistant, 
parallel lines is equivalent to assuming that the plate resistance and 

^ Brown, W. J,, Ptoc. Phys, Poc. London^ 36, 218 (1924). , See also Nottingham:, 
W. E., Proa l.R.E., 29, 620 (1941). 

2 Since the tube characteristics are assumed to be linear, the static and dynamic 
operating points coincide. 
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amplification factor are constant. The plate current is therefore given 
by the first term of the series expansion. 

r = (7-12) 

-Ip™ 4- r. 


Tp + n 


(7-12) 


At fuU grid swing, the grid swing is equal to the bias. Therefore, at full 
grid swing, 

T = (7-13) 


Inspection of Fig. 7-4 shows that 


Fmai ~ Fio = i?3)m — ~ IinFb 


Vp 4- n 


(7-14) 


Points W and N have the same value of A but differ in grid voltage by 
2Ec. For the assumed ideal characteristics, /x is constant, and 

deb __ ^ 
dCo. Aec 


at constant ib- Hence, 

„ ^ at const, ib 

^ i^ec 

_ E!m&x 

Em&x ~ Sd 2fJLliie 

Substituting Eq. (7-17) in Eq. (744) gives 

E^-E.--^.{ 2 - =- , 11 . 

r - 

“ “r ‘ nT2r„ 

Substitution of Eq. (7-19) in Eq. (7-13) give.s 

_ _ Eb. - E„, 

hm- 

The power output at full grid swing is 

Full P„ = = -KEbp - E„y 


(7-15) 

(7-16) 

(7-17) 


(7-19) 


The power output is a maximum with respect to ?•;, when (lP„/drh = 0. 
Differentiation of Eq. (7-21) with respect to n shows that this is true when 
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the load resistance is equal to twice the plate resistance. Therefore 

Optimum = 2rp (7-22) 

Substitution of Eq. (7-22) in Eq. (7-19) gives the optimum bias, 

Optimum E, = - i (7.23) 

M 

Since Imhi does not actually remain constant as r?, is varied but may be 
decreased with increase of n,, it is of interest also to derive an expression 
for Ec under the assumption that the ratio of J^ax to I min remains constant 
as n is varied, wdiich is roughly true. Such a derivation yields the fol¬ 
lowing equations: 

Optinnun n> = y - 2rp (7-24) 

Optinuim Er. = — “ (7-25) 

4/v IJL 

where it ~ 7nmx/7min. 

Examination of plate diagrams of triode power tubes shows that 
under standard operating conditions the plate voltage corresponding 
to Jmin and zero grid voltage, never dilfers greatly from Eho/ 10 for 5 per 
cent Ih, and that Imm/Itnin ranges from approximately 6 to 15. For 
these values, Eq. (7-23) calls for a bias of — 0.675(i??^,/^), ^nd Eq. (7-25) 
a bias of from —0.7{Eho/ /jl) to — 0.73(/?6<,/i^)- Values that are checked 
experimentally within 5 per cent arc given by the following equation, 
which is intermediate betwc(ui Ecis. (7-23) and (7-25): 

E, = -0.7 (7-26) 

M 

The value of optimum load resistance given by Eq. (7-24) does not 
ordinarily differ greatly from that given by Etp (7-22), Since both 
equations are approximations, therefore, it is usually preferable to use 
the simpler equation (7-22), even though Eq. (7r24) may approximate 
more closely the experimentally determined value. 

Substituting h](p (7-22) in Eq. (7-9) and letting ^’6 == 0 gives 

Po = IpgmEt!^ (7-27) 

But for optimum Class A1 amplification the grid swing is approximately 
equal to Ec so that E^, ~ O.lOlEc and 

Optimum Po = (7-28) 

Fi'om the definition of power sensitivity it follows that the theoretical 
power sensitivity corresponding to optimum load resistance is 

P. S. at optimum load = ^^xgm 


(7-29) 
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In spite of the fact that the characteristics of triodes do not satisfy 
the hypotheses made in the foregoing analysis, Eqs. (7-21) and (7-22) 
are roughly verified by laboratory measurements. A curve of power 
output as a function of n/vp as determined from Eq. (7-21) is shown in 
Fig. 7-5. . Experimentally determined curves of power output as a 
function of n/rp for a type 45 triode at three values of second-harmonic 
distortion are shown in Fig. 7-6. The similarity between the theoretical 
and the experimental curves is apparent. Furthermore, Fig. 7-6 shows 
that optimum load for the 45 tube at 5 per cent second harmonic is very 
nearly twice the a-c plate resistance at the operating point. It may be 
shown by graphical studies based on ideal static characteristic curves 
which follow simple power laws that curvature of the characteristics tends 
to reduce the optimum value of n and that increase of /,„h, tends to 



Fig. 7-6.—Theoretical curves of full power 
output and of plate-oirouit efhoienoy for an ideal 
triode in Class A1 operation. 



Fig. 7-6. —ICxporinuMitally deter¬ 
mined curves of full iiower output of 
typo 46 triode in Cdass AI operation. 


iiicrease optimum n. The close agreement between Fig. 7-5 and Eq. 
(7-22) is probably explained by compensation of these two effects. The 
agreement is not so close with other types of triodes, practical values of 
n/rp ranging from 2 to 3 for optimum output at 5 per cent second harmonic. 

At first thought, Eq. (7-22) may be surprising in view of Maxwell’s 
rule that maximum transfer of power from a generator to a load takes 
place when the load impedance is equal to the generator impedance. 
This rule assumes, however, that the voltage of the generator is not 
varied as the load impedance is varied, whereas in tlie derivation of 
Eq. (7-22) the exciting voltage was assumed to vary with load imped¬ 
ance in such a manner that the grid swing had the largest value consistent 
with allowable distortion and with the restriction on grid current. In 
Sec. 7-4 it was shown that the maximum output at fixed grid swing, or 
maximum power sensitivity, is obtained when the load impedance is a 
resistance equal to the plate resistance. 

Optimum Pure Resistance Load. —An analysis similar to that used 
in the derivation of Eq. (7-22) shows that, if the load is a resistance 
inserted directly in the plate circuit, the optimum load resistance for a 
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Class A1 triode amplifier is equal to the plate resistance. Because of 
loss of direct voltage and power in the load, this type of load is seldom 
used. 

7~9. Optimum Power Output in Terms of Operating Plate Voltage.— 

At optimum load I'esistance, Eq. (7-21) reduces to 

Optimum Po = (7-30) 

lUiTp 

= 0.05 ^ (7-31) 

Although the numerical values of optimum power indicated by Eq. 
(7-31) are usually not greatly in terror, its principal value lies in the 
fact that it indicates the manner in which optimum power output of 
triodes depends upon plate supply voltage and plate resistance. It is 
evident from Eq. (7-31) that, in order to give high power output at a 
given plate supply voltage, a triode should have low plate resistance. 
Variation of plate resistance by changing the grid structure and electrode 
spacing of a triode is accompanied by a roughly proportional change in 
amplification factor. Triodes with low plate resistance therefore have 
low amplification factor and a low product of transconductance by 
amplification factor. For this reason it is difficult to obtain both high 
power output and high power sensitivity [see Eq. (7-29)] with triodes. 

7-10. Theoretical Plate-circuit Efficiency. —Accurate determinations 
of plate-circuit efficiency, like those of power output, must be made by 
graphical methods or laboratory measurements. It is profitable, 

however, to determine the largest value of plate-circuit efficiency that 
could be obtained with idealized linear triode characteristics. To 

simplify the derivation, I,nin will be assumed to be zero. 

With linear characteristics, ha = Ib^j and Eq. (7-1) becomes 

Pi - Euho (7-32) 

Because the primary resistance of well-designed output transformers 
is small, Ehb may l)e replaced by Ebo- 

Pi ^ EbJbo (7-33) 


Figure 7-4 shows that, if Ijnh is zero, Ibo is equal in magnitude to Ipm 
and Ew is zero. Then from E3q. (7-20), 


ho 


El 


ho 


Tb + 2rp 

Substituting Eq. (7-34) in Eq. (7-33) gives 

Ebo^ 


Pi 


n + 2rp 


(7-34) 


(7-36) 
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But if Ey, is zero, Eq. (7-21) becomes 

P = jEbo^rb 

{n + 2rpY 


(7-36) 


The plate-circuit efficiency for ideal linear triode characteristics is 


_Po n 

" Pi 2(r, -h 2r^) 


(7-37) 


The ideal theoretical plate-circuit efficiency, as determined from 
Eq. (7-37), is plotted in Fig. 7-5 as a function of n/vj,. It can be seen 
from. Eq. (7-37) or Fig. 7-5 that the plate-circuit efficiency of triodes in 
Class A1 amplification increases with load resistance^ and that the 
maximum possible ideal value of 50 per cent is obtained with infinite 
load, at which the power output is zero. At optimum load the plate- 
circuit efficiency for ideal linear characteristics is 25 per cent. The 
facts that the static plate characteristics are not linear and that 
and Ew are not zero reduce actual values of plate-circuit efficiency of 
Class A1 triode power amplifiers at optimum load to values that range 
from about 20 to 23 per cent. 

7-11. Limitation of Power Output by Plate Dissipation. —At a 

given value of operating plate voltage the use of optimum load deter¬ 
mined by Eq. (7-22) and the corresponding optimum grid bias specified 
by Eq. (7-26) may give such a high value of static operating plate current 
that the zero-excitation plate dissipation exceeds the allowable dis¬ 
sipation. The zero-excitation plate dissipation may be reduced to the 
allowable value by reducing the operating plate voltage, the load resist¬ 
ance being maintained constant at approximately twice the plate resist¬ 
ance. This results in little change in plate-circuit efficiency. The 
zero-excitation plate dissipation may also be reduced to the allowable 
value by increasing the load resistance and grid bias, as explained in Sec. 
7-7, and thus reducing the plate current. Equation (7-37) shows that the 
plate-circuit efficiency increases with increase of load resistance. This 
means that reduction of plate dissipation by increase of load resistance 
and grid bias is accompanied by less reduction in powder output than 
when it is effected by decrease of operating plate voltage. For this 
reason, po^br triodes in Class Al amplification, when operated at high 
plate voltage, are often used with an a-c load resistance that is con¬ 
siderably higher than twice the plate resistance. When the power output 
is limited by plate dissipation, the operating plate current for a given 
operating voltage is determined from the allowable plate dissipation, and 

^ Since the negative grid bias is increased with n, ha and hence Fi decrease with 
increase of n. 
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the load resistance is chosen to have the lowest value consistent with 
allowable distortion. 

7-12. Graphical Determination of Power-triode Operating Conditions 
and Performance at a Specified Operating Plate Voltage. —The work 
of determining a triode load line corresponding to a given harmonic 
content can be greatly simplified by the use of the so-called power-output 
rule, first described by K. S. Weaver. ^ This device is based upon the fact 
that for a given second-harmonic content and negligible third and higher 
harmonics, the lengths of the portions of 
the load line lying above and below the' 
operating point have a fixed ratio. This 
is readily proved by reference to Fig. 

7-2. By similar triangles, 


£ 


a 

b 


(7-38) —y— 


Combining Eq. (7-38) with Eq. (7-11) 
gives 

I = 

where ^2 is the ratio of the second- 
harmonic amplitude to tlie fundamental 
amplitude. 

harmonic, Eq. (7-39) becomes 

c 
d 



Fia. 7-7.—Motliod of using 
power-output rule in drawing the 
load lino corresponding to optirniinr 
load. 


For the (iomrnonly accepted value of 5 


1.22 


])or cent second 


(7-40) 


The power-output rule has two iinifoi’in scales wliich are marked 
off in opposite directions from a common origin. The length of the 
divisions of one of these scales is arbitrary, and the length of those of 
the other is 1.22 times as great. The load line corresponding to 5 per 
cent second harmonic at full grid swing is found by placing the origin 
of the rule on the operating point and turning the rule so that the inter¬ 
sections of the edge of tlie rule with the static clmracteristics for Cc = 0 
and Oc — 2En give equal readings on the two scales, as shown in Fig. 7-7. 
The power output is determined from the load line in the usual manner. 
With the aid of E(p (7-39) it is a simple matter to construct rules for any 
percentage second harmonic. 

Since the operating conditions specified in manufacturers^ tub© 
manuals are satisfactory for most ordinary applications of power tubes, 

^ Weavek, K. S., QST, November, 1929, p. 14. See also Greenwood, W.. 
Wireless Eng., 8, 429 (1931); Kbpeey, D. 0. and Faeeen, L. L, IFWm Eng., 11, 183 
(1934), Radio Eng., Septeinbor, 1934, p. 20. 
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it is not often necessary to make determinations of triode operating 
points and performance. When it is desired to operate a power triodo 
at a specified operating plate voltage that differs from values listed in 
tube manuals, the following procedure may be used: 

1. Estimate the approximate location of the operating point and determine 
graphically the value of ja at this point. 

2. By means of Bq. (7-26), determine the optimum grid bias. 

3. Using the plate current corresponding to the given operating plate voltage 
and the optimum grid bias, determine the plate dissipation. If the plate dissipa¬ 
tion is within the allowable value, the operating point is the point corresixmding 
to these voltages. If the plate dissipation exceeds the allowable value, however, 
the operating point is that determined by the operating plate voltage and the 
maximum allowable operating plate current, which is equal to the allowable plate 
dissipation divided by the operating plate voltage. The magnitude of the grid 
bias corresponding to the operating point then exceeds the value determined by 
means of Eq. (7-26). It is ordinarily permissible to make an adjustment up to 
6 per cent or so in the value of the grid bias in order to use a value for which a 
plate characteristic curve is available. 

4. Using a power-output rule, draw a dynamic load line corrtwiKinding to 
S per cent second harmonic content (or other allowable value) through the 
operating point. If a power-output rule is not at hand, the load line may be 
drawn corresponding to a load resistance equal to twice the plate rewistanee, and 
the harmonic content determined graphically by means of Eq. (4-37). If the 
harmonic content differs considerably from the allowable value, the load line 
should be redrawn and again checked. 

5. The dynamic operating point may be located and the time dynamic load 
line drawn. Ordinarily this added work is not justified liy the Hinal'l increase in 
accuracy df the results. 

6. Determine the power output graphically by the method explaineii in Sec. 
4-21. The power output may be checked roughly by tlio use of Eqs, (7-28) and 
(7-31). 

7. Bind the power input to the plate circuit by means of Eq. (7-1) or (7-2). 
Find the plate circuit efficiency by dividing the graphically determined |K'n?ir 
output by the power input. 

^ 7-13. Determination of Optimum Operating Conditions for a Power 
Triode with Unspecified Operating Plate Voltage.--It is Hometinu-H nwm- 
sarje to determine the optimum load, bias, and performance of a pmve^r 
triode when the allowable plate dissipation and harmonic content arc 
specified, but the operating plate voltage is not specified. The (hcoref ical 
^pression for optimum load resistance may be derived liy <‘xpr««Hsiiig 
Eio m terms of n in Eq. (7-21) and setting the derivative of P„ with 
respect to n equal to zero. The resulting expression is, however, very 
complicated. The following analysis is much simpler d 

^ Nottingham, loc. cit 
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Equation (7-21) may be written in the form 


Po = \{h<, — 


(7-41) 


For optimum P„, dPo/drh — 0. Therefore, since is constant, 


dtl fto 



(7-42) 


d pm d]io dniin and, when the plate dissipation is equal to the maximum 
allowable value Ppm, Ppm = Pholho- Hence, at maximum plate dissipa¬ 
tion, Eq. (7-20) may be written in the form 

{ho - h^){n + 2r„) = P,„ - -f' (7-43) 

Differentiation of Eq. (7-43) with respect to n gives 

+ + (7-44) 

Bubstitution of Eq. (7-42) in Eq. (7-44) gives 

n = 2r„ -t- (7-45) 

Substitution of p]q. (7-45) in Eq. (7-43) gives 

= 4rp{ho - /..„u) - Ih (7-46) 

■* bo 


Equation (7-46) relates the operating plate cnirrent Ibo with the known 
values of Ppm, Itnm, Tp^ optimum load. In using Eq. (7-46) it 

is necessary to assume a reasonable value of Jmin and to determine from 
the plate characteristics a value of tp tliat liolds approximately within 
the operating range. The left-hand and right-hand sides of Eq. (7-46) 
are then plotted against Iho- The intersection of the two resulting curves 
gives the optimum value of ho corresponding |io the given value of Ppm 
and the assumed values of Im\n and Tp. n may then be found from Eq. 
(7-45). Ebo = Ppm/ho- Eg may be found from Eq. (7-19). It is advis¬ 
able to check Vp at the resulting operating point against the assumed 
value, and to check the graphically determined harmonic content against 
the allowable value. If either the plate resistance or the harmonic con¬ 
tent differs appreciably from the assumed value, the procedure may be 
repeated, using new values of tp and Jmiti. After the dynamic load line 
has been constructed, the power output and plate-circuit efficiency are 
found in the usual manner.^ 

1 Aa alternative, often easier, method of deternuning optimum operating con¬ 
ditions at unspecified plate voltage is to apply the procedure of Sec, 7-12 at various 
plate voltages and plot a curve of v$, Ebo- 
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7-14. Conversion Equations for Power Triodes—Under the assump¬ 
tion that the plate current of triodes varies as the f power of the plate 
voltage, conversion equations can be derived by means of which it is 
possible to make rapid approximate determinations of operating current, 
grid bias voltage, plate factors, and power output at any ()|)erating plate 
voltage when the values are known at one value of operating plate 
voltage. The plate current is approximated by the equation 

4 = y-47) 

The plate resistance is found by differentiating Eq. (7-47) with respect 
to Bi and evaluating at the operating point. 

(7-48) 

The transconductance is 

~ (7-49) 

The power output is 

p cs; EpH = Eh ^ (7 

" - 16rp 32 

The grid bias is given by Eq. (7-26). 

From Eqs. (7-26) and (7-47) to (7-50) the following relations are 
readily found: 

lu \EiJ Eo E^o 1\ \E„J 

^ =: (^ = {EioY 
\EJ) g„ \E,J 

^ Eio and Eio are any two values of operating plate voltage. In 
spite of the fact that triode characteristics do not obey a i|-power law 
and that Eqs. (7-26) and (7-30), which are used in deriving i^ci. (7-50), 
are based upon linear characteristics, Eqs. (7-51) are sufficiently accurate 
to be useful when Eto' and Eto do not differ too greatly. Curves baaed 
upon Eqs. (7-51) are shown on page 677. 

7-16. Class A Tetrode and Pentode Power Amplifiers.—In Sec. 7-9 
was pointed out that in triodes the low plate resistance required for 
igh power output cannot be attained without correspondingly low 
amphfication factor, which results in low power sensitivity.' This 
difficulty is avoided by the use of tetrodes or pentodes. Because of the 
greater ease of preventing with pentodes the undesirable shape of plate 
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characteri.stics resulting from secondary emission, tetrodes are used com¬ 
paratively little in power amplifiers. Much of the following discussion 
of power pentodes also applies, however, to power tetrodes. 

Pentodes have two advantages over triodes in Class A1 power ampli¬ 
fication : They have higher plate-circuit efficiency and power output and 
they have higher power sensitivity. The higher plate-circuit efficiency 
of pentodes is associated with the shape of the characteristics, which is 
such as to allow the path of operation to extend more nearly to zero plate 
voltage, as required for the ideal maximum efficiency of 50 per cent. 
Physically, the higher efficiency of pentodes is explained by the effect of 
the positive screen voltage, which reduces the plate voltage necessary to 
produce a given plate current and thus allows a greater percentage of the 
plate supply voltage to appear across the load. 



Plafe Vol+s,eb 

,Fia. 7-8 ""-Oomparisoii of plato diagraras of tho typo 45 power triode and the type 2A5 

power pentode. 

It is instructive to compare in Fig. 7-8 the plate diagram of the type 
45 triode with that of the type 2A5 power pentode, which has the same 
values of static operating plate voltage and current. The plate voltage 
of the pentode is reduced to a much lower value at the peak of plate 
current, and the area of the rectangle enclosing the path of operation of 
the pentode is considerably larger tlian that enclosing the path of opera¬ 
tion of the triode. Inasmiuih as tliCBe areas are to a first approximation 
proportional to the power output, and the input plate power is the same 
for both, tlie 2A5 power output and plate-circuit efficiency are greater 
than those of tluj 45. (This analysis neglects shift of the dynamic 
operating points.) .Efficiencies of about 35 per cent are readily obtainable 
with pentodes. 

The higher power sensitivity of pentodes is possible because, with a 
given transcondiictance, pentodes can be designed with much higher 
amplification factors than triodes (see Secs. 3-10 and 3-11). In pentodes 
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the high amplification factor results mainly from the shielding action of 
the screen and suppressor grids. Although these grids shield the cathode 
effectively from the plate, the positive screen-grid voltage produces a 
high positive field at the cathode, so that a comparatively high negative 
control-grid voltage is necessary in order to reduce the plate current to 
zero. The introduction of the screen and suppressor grids thus increases 
the amplification factor without reducing the full grid swing. Equation 
(7-9) shows that the combination of high amplification factor and high 
transconductance is necessary for high power sensitivity and that, if high 
amplification factor and high transconductance can be obtained without 
reduction of full grid swing, high power sensitivity will be obtained with¬ 
out sacrifice of power output. 

7-16. Power Output, Distortion, and Optimum Load of Class A 
Pentode Power Amplifiers.—The shape of the characteristics of pentodes 
is such that it is not possible to derive simple theoretical equations for 



Tig. 7-9.—Typical curves of power out¬ 
put and harmonic content of a power 
pentode. 


optimum load resistance, optimuncx 
power, and optimum bias, as was 
done for triodes. For this reason 
the correct operating conditions 
must be determined entirely by 
graphical methods or by laboratory 
measurement. 

Figure 7-9 illustrates typical 
curves of power output and har¬ 
monic content as a function of load 
resistance for a suppressor pentode 


single-sided Class Al operation. 
The exact shapes of these curves and the relative positions of 
their maxima or minima are dependent upon the type of tube 
and upon operating voltages. The large percentage of second 
harmonic at low load impedance is associated with the crowding 
together of the plate characteristics at low plate current, which flattens 
the negative peak of alternating plate current, as shown by Fig. 4-16. 
At high load impedance, on the other hand, the large percentage of second 
armomc results from the crowding together of the characteristics at 
low plate voltage, which flattens the positive peak of alternating plate 
current, as shown by Fig. 4-18. The second harmonic is zero at approxi- 
rna e y t e oad resistance for which the positive and negative swings pf 

^ possible to design and operate a pentode 

so that the load for maximum power also gives minimum second harmonic, 
but tins IS in general not true. The form of the static plate characteristics 
IS such that the minimum value of total harmonic content usually ranges 
from 6 to 10 per cent at full grid swing. 



Six;. 7-17] A AND CLASS ABl POWER AMPLIFIERS 241 

Since the load for maximum power output is, in general, different 
from that for minimum distortion, choice of the load must involve a 
compromi.se between large power output and small distortion. Because 
of the relatively high minimum distortion, distortion is ordinarily the 
determining factor, and the most suitable load does not differ greatly 
from that corresponding to zero second harmonic. It should be noted 
that the triode-optimum-load relation n = 2rp does not hold for pentodes, 
optimum power output being obtained for load resistances ranging from 
about r„/4 to rj,/8. Considerable reduction in harmonic content can be 
achieved by using two tubes in push-pull and choosing a load resistance 
lower than that corresponding to zero second harmonic. The even 
harmonics are eliminated by the pu!?h-pull connection. By reduction 
of load impedance, the third harmonic may then be cut down to 5 per cent 
or less without exce.ssive loss of power output (see Sec. 7-31). Further 
reduction of distortion may be achieved by the use of inverse feedback. 

7-17. Disadvantages and Problems of Pentode Power Amplification. 
Nonlinear distortion is considerably more objectionable in suppressor 
pentodes than in triodes. This results not only from the greater distor¬ 
tion factor, but also from the presence of large percentages of third and 
higher harmonica, as well as second. Associated with the large per¬ 
centage of odd harmonica is variation of power sensitivity with signal 
amplitude because of contributions to the fundamental output by the 
third and other odd terms of the plate-current series. The shape of 
pentode static plate characteristics is such that the coefficient of the 
third term of the aeries expansion for alternating plate current is negative. 
The fundamental component of plate current associated with the third 
term of the scries expansion is therefore opposite in phase to that associ¬ 
ated with the hast term and reduces the total fundamental plate current. 
Since the contribution of the third term increases with the cube of the 
excitation voltage, whereas that of the first term increases only with the 
first power of the excitation voltage, this type of distortion tends to build 
up the amplitude of the weaker components of the output, relative to the 
stronger, and so affects the fidelity of reproduction. Figure 7-10 com¬ 
pares the variation of power sensitivity of triodes and pentodes.^ The 
effective input capacitance of power pentodes is in general greater than 
that of comparable power triodes and thus causes greater frequency 
distortion in the preceding stage. 

The variation of loud-speaker impedance with frequency is more 
objectionable with pentodes than with triodes. Because of the large 
variation of harmonic content with load impedance it is difficult to keep 
the harmonic content low over a wide range of frequency. Furthermore, 
the load resistance required to keep the nonlinear distortion within 

* ClniaaBNBK, J. M., Proc. I.R.E., 19, 1391 (1931). 
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allowable limits is usually considerably less than that wliich gives maxi¬ 
mum power output, and so the power output and power sensitivity vary 
appreciably with load, as may be seen from Fig. 7-9. The effective tube 
resistance shunting the loud-speaker is also consideral)ly higlier with 
pentodes than with triodes. For this reason the loud-speaker is damped 


less with pentodes, and “booming^ 



Fig. 7-10.—Variation of power sensi¬ 
tivity of triodes and pentodes with grid 
swing. 


^ caused by loud-speaker resonance 
may be objectionable. 

As pointed out in Chap. 6# 
these different types of distortion 
can be greatly reduced by the use 
of negative feedback. Th(> distor¬ 
tion resulting from the variation of 
speaker impedance can also be 
reduced by shunting the |)rimary of 
the output transformer vdth a 
series combination of capacitance 
and resistance.^ Curve a of Fig. 
7-11 shows the variation of imped¬ 


ance of a loud-speaker with fre¬ 
quency. Curve h shows the improvement obtained by shunting the 
primary of the output transformer with a 5000-ohm resistor in seriei 
with a 0.1-/xf condenser. The reduction of pentode distortion by the us© 
of push-pull Class A and Class AB circuits will be discussed later in this 
chapter and in Chap. 8. 


As the msult of higher amplification, the degenerative effect of a self- 
biasing resistor is greater in pentodes than in triodes. For this reason a 


Fig. 



7-11. of a loud-speaker, (a) without shunting : 

work, and (6) with resistance-capacitance shunt. 


larger by-pass condenser is required to prevent degeneration. Inasmuch 

frequency distortion, there is aa 
to nqo ^ r condenser, but it is more advantageous 

to use a form of inverse feedback which also reduces the effective resist¬ 
ance shunting the loud-speaker (see page 207). 

^ Tui^auskas, L., Electronics^ 3,142 (1931). 
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7-18. Effect of Operating Plate Voltage upon Pentode Power Output. 

Power pentodes are designed to operate with a screen voltage equal to 
the plate voltage. The derivation of Eqs. (7-51) is based upon assump¬ 
tions that do not hold in connection with pentodes. Nevertheless, when 
the screen voltage is made equal to the operating plate voltage, these 
equations and the curves based upon them (see page 677) appear to hold 
with sufficient accuracy for values of Eho in the approximate range from 
iEho to 2Eho to make them of value in approximate determinations. This 
is probably explained, in part at least, by the facts that the plate current 
is determined largely by the screen voltage, that the plate current vs. 
screen voltage characteristics are similar in form to triode plate charac¬ 
teristics, and that the potential distribution between cathode and anode 
is unaltered when all electrode voltages are changed in proportion. 

7-19. Beam Power Tubes as Class A1 Amplifiers.—^The characteristic 
curves of a typical beam power tube, the 6L6, were shown in Fig. 3-16. 



LocTid Resistance, Ohms 

J[0<}. 7-12.—"Power output aud diHtortion eurvos for the tyi>e tSLC Ix^aru power pentode iu 

ClaH« At operation. 


The shape of these characteristics is such that at a given operating plate 
voltage even greater power output without excessive nonlinear distortion 
can be olitained than with suppressor pentodes. The static charac¬ 
teristic curves are more nearly straight and parallel at low plate voltages 
than those of siipi)ressor pentodes. Figure 7-12 sliows curves of power 
output and distortion against load resistance for a single 6L6 under 
typical operating voltages with grid swing equal to the grid bias. In 
order to reduce nonlinc^ar distortion, beam powm* tubes are usually 
used in |)ush-puU circuits (see Sec. 7-31). Inverse feedback may also be 
used to advantage. 

7-20. Screen Dissipation of Tetrodes and Beam Pentodes—The large 
increase of screen (‘urrent of power tetrodes and beam pentodes as the 
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plate voltage swings to low values necessitates prcK-autioiis to ensiift 
that the allowable screen dissipation is not exceeded. 1 he; dynamic 
screen-current curve may be constructed in a nianmji analo|3^()US to i#h&t 
illustrated in Fig. 4-28 for control-grid current. The screen dissipalion 
under excitation may then be found by taking the product ()f direct 
screen voltage and the average screen current, determined graplfu^tdly 
from the dynamic screen-current characteristic. I* or tlie ck^greo of 
accuracy ordinarily required in the determination of screen disHipalion 
the average screen current may be found by the use oi 15q. (4-29), Jm%. 
being the screen current corresponding to the control-grid and pliiti 
voltages at the positive crest of exciting voltage, lu being replaced bf 
the quiescent value of screen current, and I^nin being zero. 

Because of the reduction of minimum plate voltage with increase of 
load, the maximum and average screen currents increase with plate load 
resistance. Screen dissipation thus limits the maximum load resistanci 
that can be used. It is important to note that the load sliould never l>f 
removed from the secondary of the output transformesr of a tetrode or 
beam pentode, as the resulting increase of effective load impedance may 
result in damage to the tube because of excessive screen dissipation. For 
the same reason the plate voltage of tetrodes and pentodes should not 

be removed without also removing the 
screen voltage. 

7-21. Turn Ratio of Output TraiiS*i 

former. —The loud-speaker or other davta 
that is to be operated l>y the j)ower otitpul 
of a vacuum tube may have an impedaii* 
that differs materially from tlie desired 
optimum value. In order to <*orriH;t for 
this difference, the turn ratio of the output transformer must be such 
that the effective primary impedance of the loaded transformer will Ih* 
equal to the required load impedance. 

In determining the input impedance of a loaded transformer, Icutkage 
inductance can be taken into account by assuming that the indu(‘tam*ci 
are made up of portions Li and 1 ^ 2 ; having perfect coupling (unity 
cient of coupling), and portions L/ and having jzero coupling. ITii 
equivalent circuit, neglecting core losses, is shown in Fig, 7-13, in W'hich 
n and r 2 represent the primary and secondary winding resistances. Hohi- 
tion of the network equations for this circuit gives for the effective inpul 
impedance 



Zoac/ 


Tig. 7-13.—Equivalent circuit of a 
loaded transformer. 




Y - ‘>'1+ ju{Li + Li) + 




Ti juiLi -j- jb>Lt -f- z 
where z is the impedance of the secondary load. 


(7-52) 
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Since the coefficient of coupling between Li and L 2 is assumed to be 
unity, iP == L 1 L 2 . If the leakage inductance is small or is proportional 
to the number of turns, then L 2 == n^Li, where n is the ratio of secondary 
to primary turns; and so AP Substituting this relation in 

Eq. (7-52) transforms it into 




= ?'i 4- Jw(Li + L/) “H 


L 2 V 


(^2 "H “h jcoLz "4" 


(7-53) 


Ec|uation (7-53) may be written in the form 


Zi 


r i 4“ joiL\ 4“ joiLi 


jc»jZ/ 2 I . 6)Z;2r2 4~ 44 <j^L^z 


(7-54) 


In a properly designed transformer the total secondary winding reactance 
is so large in comparison with the secondary winding resistance, leakage 
reactance, and the load impedance, that only the term jcjoL^ need be 
considered in the denominator of the last term of Eq. (7-54). Also, since 
= L 2 M 2 , the second and fourth terms cancel. Ecpiation (7-54) then 
simplifies to 

+ S +J“ (•''>'+^) + 5 P-55) 


If the resistance and leakage reactance of the windings are small in 
comparison with the load, which is true at loadvS for which the transformer 
is designed, Eq. (7-55) reduces to 


(7-5()) 


Equation (7-56) shows that the elTective input impedance of the 
loaded transformer is eciual to the impedance of the secondary load 
divided by tlic square of the secondary-to-primary turn ratio. It should 
be noted tliat the validity of this etiuation rests upon the following 
assumptions: 


, 1. Negligible core loss. 

2. Leakage reiKdanco small in comparison with the total winding rea(‘.tance 

3. Winding resistance small in comparison with winding reactance. 

4. Load impcidaiuic small in comparison with total sexumdary imi)edance, but 
large in comi)arison with winding resistances arul leakage reactances. 

These conditions are satisfied in output ti'ansformers and other 
impedance-matching transformers. The turn ratio of the output trans¬ 
former should, therefore, be equal to the scpiare root of the ratio of the 
effective impedance of the loud-speaker or other load, to the optimum 
load resistance. Thus, if the load resistance is 20 oluns and optimum 
load for the given power tube is 2000 ohms, the output transformer should 
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have a 10 to 1 step-down ratio. Since the impedance and effective 
resistance of a loud-speaker or other load vary with frequency, it is 
customary in the field of communication to specify impedances at 1()(X) 
cps and to match impedances at this frequency. The resulting mis¬ 
matching at frequencies above and below this value causes fie(|uency 
distortion which can be prevented by the use of impedance (Himilissing 
networks, similar to that discussed on page 242, or by inverse ieetiback. 

If the primary and secondary winding resistances are not negligible, 
the first two terms of Eq. (7-55) cannot be dropped and it is necessary 
to use the more complete expression 


Zi = ri + 


r2 + r 






(7-57) 



7-22. Push-pull Power Amplifiers.^—In a push-pull amplifier with 
transformer-coupled output the instantaneous plate voltage of each 
^ ^ tube varies not only witli its own 

plate current but, because of coupling 
through the primary of the trans¬ 
former, with the plate current of the 
other tube. The dynamici transfer 
characteristic of each tube is different, 
therefore, from the dynamic transfer 
characteristic obtained wdtli only one 
tube. For this reason the graphical 


__ 

r. 

§Ecc/H 



T2 


m 


j 


rr 


""N /4/r/7S 


Fig. 7"14.—Push-pull amplifier with 
resistauce load coupled through a trans¬ 
former having unity turn ratio. 


analysis of the operation of push-pull power amplifiers is not so simple 
as that of single-sided amplifiers. The following treatment is esscmtially 
that developed by B. J. Thompson.^ 

If the output transformer is assumed to have zero winding reHistance 
and leakage reactance and if the small magnetizing current is neg¬ 
lected, the primary and secondary ampere turns are always equal in 
magnitude and opposite in sign, and the voltage indmjed across a given 
number of turns is proportional to the number of tiirns. The analysis 
of output transformers given in Sec. 7-21 shows, furtluyrmore, tluit if the 
secondary load applied to such an ideal transformer is nonreactive, the 
voltage across the primary is in phase with the primary current and 
proportional to it. Well-designed output transformers a|)proximata 
these ideal conditions very closely. 

Figure 7-14 shows the circuit of a push-pull power amplifier with 
transformer-coupled resistance load n. In order to simplify tlie analysis, 
the secondary of the output transformer will be considered to have the 


^ 'Ihe student should review Sec. 5-10. 

® Thompson, B. J., Proc. I.R.E., 12, 591 (1933). 
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same number of turns N as each half of the primary. The effect of 
change of transformation ratio will be considered later. 

Because the plate currents in the two halves of the primary flow 
in opposite directions, the net instantaneous primary ampere turns 
are the difference Irctween the ampere turns of the two halves Nu — Nit'. 
Since the leakage inductance is assumed to be zero and the circuit to be 
.symmetrical, this difference must equal Nir, the instantaneous value 
of the secondary ampere turns. The instantaneous secondary current 
is therefore 

ir = it- it' (7-68) 

The secondary voltage is 

Cr = Vi = {it — ib)rt '(7-59) 

But since each half of the primary has the same number of turns as 
the secondary and tliere is no flux leakage, the voltage induced across 
each half of the primary is also {it — it)rt. If it is greater than it, 
the direction of these voltages is such as to lower the plate voltage of 
tube 1 below &(, and to raise the plate voltage of tube 2. Because the 
primary is assumed to have zero resistance, the operating plate voltage 
Ebo is e(iual to Eia and the instantaneous plate voltages of the two tubes 
are 

Ci = Etj — {ib — ib)fb 

('b = Eta + (it — ib)i’b (7-60) ■ 

7-23. Composite Characteristics.—Equations (7-58) to (7-60) show 
that the instantaneou.s load current, voltage, and power, as well as the 
tube ])late voltages, depend upon the instantaneous values of the differ¬ 
ence between the plate currents of the two tubes and upon the load 
resistance. It is to be expected, therefore, that a plate diagram involving 
the plate-current difference sliould be of value in the analysis of push-pull 
amplifiers. Since a necessary condition for the complete suppression of 
even harmonics is that the amplifier shall be in all respects sym¬ 
metrical, an increase; of instantaneous grid voltage of either tube is 
a,cc.ompani(;d by an equal decrease of instantaneous grid voltage of the 
other tulx;. For an instantaneous value of alternating grid voltage e„, 
one gi'id has a total instantaneous voltage Cc = Ec + eg, and the other 
c/ = Ea — Cg. The sum of the instantaneous grid voltages of the two 
tubes is Ca -t- e/ = 2Eo. Therefore the diagram should show the varia¬ 
tion of (it and et with it — it under the condition that the sum of the 
grid voltages of the two tubes is always 2Ec- Furthermore, since, as 
shown by Eqs. (7-60), the changes of plate voltage of the two tubes 
relative to Eto are equal and opposite, the diagram should be formed in 
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such a manner that an increase of plate voltage of one tube corresponds 
to an equal decrease of plate voltage of the other tube. 

The method of constructing such a diagram is shown in Fig. 7-15a. 
The plate characteristics for tube 2 are plotted below those for tube 1, 
with a common voltage axis, but with voltage and current scales that 
increase in opposite directions. The relative position of the two sets of 
characteristics is such that the operating points 0 and O' of the two tubes 
lie in the same vertical line, and a common point on the voltage axis 
indicates Eio for both tubes. Then curves of % — %' vs. Ch are plotted 
for pairs of characteristics such that Cc + ej = 2E,,. Figure 7-15a 
shows the method of doing this for the pair of characteristics correspond¬ 
ing to ec = Ec + e„ and e/ = Ec - Any point A' on tins com-positc 



Fig. 7-15.—Methods of constructing composite plate characteristicH. 


characteristic is located by making the vertical distance PX equal to the 
distance PU minus the distance PW. If 4' exceeds 4, PU minus PW 
is negative and X lies below the voltage axis. It is not actually necessary 
to use the second set of plate characteristics in order to construct the 
composite characteristics. If preferred, a single family of (diaracteristica 
may be used, as shown in Fig. 7-156. ' At various values of Ac,,, the 
distance P'W, corresponding to the plate voltage Eh„ + Ach and the grid 
voltage Eo — i^ec is subtracted from the distance PU corresponding 
to the plate voltage Eho - Aet and the grid voltage A’,, — Ac,.. Although 
triode characteristics are shown in Fig. 7-15a and pentode characteristics 
in Fig. 7-156, either method of construction may be used for any type of 
tube, the procedures being independent of differences in the shapes 
of the characteristics. 

The composite characteristics of triodes for values of A,, corresponding 
to Class A operation are usually nearly straight and parallel. They may 
be approximated by locating the point on each plate characteristic of one 
tube corresponding to cutoff for the other tube and joining these points 
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It is evident from the method of deriving the composite character¬ 
istics and from Fig. 7-16, that, when the two tubes are alike and the 

circuit is symmetrical, the com¬ 
posite plate diagram is sym¬ 
metrical about the voltage axis. 
Furthermore, the load line passes 
through only the second and fourth 
quadrants. For these reasons, 
only the portion of the diagram 
lying in the second quadrant need 
be constructed. If the tubes are 
100 2TJ^' 300 400 500 ^ot identical, the composite plate 
Plate Voto(ge,eb diagram is not symmetrical about 

Type 6L6 voltage axis, and both the 

Fig. 7-18.— Composite plate characteristics seCOlld and the fourtll quadrants 
for the type 6L6 beam power pentode. ximst be USCd 

7-24. Load Line.—^Let % — eh, and c?/ be any simultaneous 

instantaneous values of current difference and plate voltages assumed 






Fig. 7-19.—Composite plate diagram. 


during the cycle with a given load r* and operating plate voltage 
The corresponding point is indicated by X in Fig. 7-19. A straight line 
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is drawn through this point and the point Q on the voltage axis cor¬ 
responding to Eio- The following relations are evident from Fig. 7-19 
and Eq. (7-60): 


PX = ib - ib 

PQ = Ebo — Cb — iih — ib)Th 

^ = i 

PQ n 


(7-61) 

(7-62) 

(7-63) 


Since % — 4', c?,, and ei! are“ any simultaneous instantaneous values 
assumed during the cycle, it follows that the straight line through Q 
having a negative slope equal to l/n, represents the locus of all cor¬ 
responding values of current difference and plate voltage with the 
given load and operating voltages. Furthermore, Eq. (7-58) shows that 
the current difference at any point is also ecpial to the load current irj 
and Eqs. (7-59) and (7-62) show that PQ, the change in voltage relative 
to Ebo, is equal to the load voltage 
Therefore the line MQN is also the 
locus of all corresponding values of 
instantaneous alternating grid voltage 
and secondary load current and volt¬ 
age and is called the load line. These 
values of load current and voltage are, 
of course, measured relative to Q. 

7-25. Path of Operation of Each 
Tube.—Because the instantaneous plate 
voltage of each tube is de|)endent not 
only upon its own plate current l)ut 
also upon that of the other tube, the 
effective load on each tube varies 
throughout the cycle, and the path of 
operation of each tube is curved. The 
individual paths of oi>eration may be diagram Hiiowing tiw individiiftl patlia 
obtained by plotting tjorresponding of <,„«rati<,n „f th„ two tubo«. 

values of ib and o, and of 4' and Cb determined from the composite plate 
diagram. The method of tionstriuitirig individual paths of operation is 
ilkustrated in Fig. 7-20, which shows typical triode paths. It is of 
interest to note that the curvature of the path of operation of each tube 
is such that the curvature of the dynamic transfer characteristic of each 
tube is greater than it would be if the tube were used by itself with 
constant load resistance. 

7-26. Graphical Determination, of Harmonic Content and Power 
Output. —A dynamic characteristic of load current m. alternating grid 
voltage may be derived from the (iomposite plate diagram by plotting 
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simultaneous values of 4 and e„ determined from the intersections of the 
load line with the composite characteristics. Figure 4-26 shows such a 
characteristic and illustrates its use in determining the wave form of the 
load current. The dynamic characteristic may be used for harmonic 
analysis of the load current. Since the characteristic is symmetrical, 
Eqs. (4-34), (4-35), or (4-36) may be used. These equations may also 
be used to determine the amplitudes of the various components of load 
current directly from the composite plate diagram, in the same manner 
as for a single tube (all currents being measured relative to the voltage 
axis). In Fig. 7-175, for instance, % grid swing are the 

currents corresponding to the intersection of the load line with the 
composite characteristics for Cg — 12 volts and e„ = 24 volts, respec¬ 
tively, or 35 ma and 62 ma. Hence Eqs. (4-34) show that 

Hi = 1(62 -f 35) = 64.7 ma, 
and Hz = i(62 - 70) = -2.7 ma. 

The fundamental power output may be computed from the graphically 
determined value of Hi. If the third and fifth harmonics are small, 
however, as is true for Class A triode amplifiers, little error is introduced 
by assuming that the amplitude of the fundamental component of 
load current is the crest instantaneous load current Irm determined by 
the intersection of the load line with the composite characteristic ooiv 
responding to the crest value of the instantaneous alternating grid 
voltage. At full grid swing this is the current corresponding to the 
point M in Fig. 7-19. Then the power output is approximately 

jPo — ^Irm^b “ (7-64) 

It can be seen from Fig. 7-20 that the increase of plate current of each 
tube when its grid swings in the positive dircciion is greahn- than the 
decrease when the grid swings in the negative direction. The average 
current, therefore, increases with excitation. 'The average current /fc. 
for one tube can be found by applying one of the formulas of (-hap. 4 
to the path of operation of one tube. (Note that lu = /(»..) Tlu! power 
input to the plate circuit is 

Pi = 2BuIha = 2EiJza (7-^65) 

An approximate expression for power injMIt can Ix^ ol>tain<xl by using 
lio in place of Iha.. 

7-27. Class AB Push-pull Operation.—In push-pull amplifiers 
with fixed grid bias there is no abrupt increase of amirlitude dislorfitm 
when the bias is increased beyond the limiting Class A value, as ttm 
student may show by graphical analysis of composilc'. pluU' (iiagratn.s at 
various values of grid bias. When bias is ol>taine(l by the use of a 
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cathode resistor, however, rectification caused by the interruption of 
plate current in eacli tube during a portion of the cycle in Class AB 
operation causes the average plate current to increase at high excitation. 
This tends to overl^ias the grids and raise the nonlinear distortion. 
Distortion is also augmented by the lowering of operating plate voltage 
if the B-supply regulation is high. The increased distortion is particu¬ 
larly noticeable with triodes. Even with self-biased triodes, however, 
the bias may be increased considerably beyond the limiting Class A 
value without raising the distortion to excessive values. At a given 
operating plate voltage, this increase of bias reduces the operating plate 
current and thus decreases the plate dissipation and increases the plate- 
circuit efficiency. At a given plate dissipation it allows the use of higher 
plate voltage and consequent development of 
greater power output at higher efficiency. 

For tins reason Class AB bias is usually used 
in p\ish-pull amplifiers, in preference to Class 
A1 bias. 

7-28. Optimum Operation of Class A1 and 
Class ABl Push-pull Triode Amplifier.— The 

shape of triode composite characteristics is 
such that the harmonic content in Class A1 
and fixed-bias (Tass ABl operation is small 
except at very low values of load resistance. 

For tins reason the grid swing and power out¬ 
put are not limited by allowable distortion, . 7-2i.-~ideaii55od tn- 
as in single-sided ampliliers. hull grid swing unod in detemuning thoo- 
is CHuial to tlie grid bias, and optimum load optmuim Class A load 

resistaiuti^ for given operating voltages is tluit 
which givers the greatest output at full grid swing. 

The theoreticjal optimum load resistaiute for triodes in Class A1 or 
fixed-liias Class ABl oixuution at givim ()t)erating voltages can be deter- 
miiuxl from the ichuilized (tompositc^ [ilate diagram of Fig. 7-21. In Fig. 
7-21 tlui (t()m[)()site static, plate characteristics arc assumed to be straight, 
parallel, and etiuidistant. If r^p is defined as tlie reciprocal of the slope 
of the composite charactcuistics, 




Substituting Fk|. (7-06) in ICcp (7-64) gives 

Po - irpp(h - lrn)Inn (7-~67) 

Po is niaxinvuni when dPo/dIrm “ 0, or 

Ik ^ 21 rm 


(7-68) 
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and 


_ Erm _ 

Tpp ~Y Th 

J- rm 


(7-69) 


Equation (7-69) states that the optimum load resistance is equal to 
the composite plate resistance, the latter being defined as the reciprocal 
of the slope of the composite characteristics. Inasmuch as the com¬ 
posite characteristics are not strictly straight and parallel, rj,p may be 
defined more specifically as the reciprocal of the slope of the composite 
characteristic for e, = 0 at the point at which it crosses the voltage axis. 
This may be stated symbolically by the relation 


Tpp 


[ 


S(ib — ib) 
deb 


\ eb — Eho and = 0 


(7-70) 


Optimum power output is obtained when the slope of the load line is 
equal in magnitude to the slope of the composite characteristic corre¬ 
sponding to = 0 (<3c = -Sc) at their point of intersection. 

7-29. Limiting Class A1 Triode Operation.^—Because the large 
variation of average plate current with excitation in Class AB ampli¬ 
fication increases the difficulty of maintaining constant operating volt¬ 
ages, it is sometimes of advantage to be able to determine the highest 
grid bias that can be used in Class A1 push-pull operation. At this bias 
the minimum instantaneous plate current of each tube is just equal to 
zero when the grid swing is equal to the bias. The tlieoretical value of 
this limiting bias at optimum load can be determined for triodes from 
Fig. 7-22 by assuming that the static characteristic corresponding to 
zero grid voltage follows a f-power law, which is approximately true for 
most power triodes. Under this assumption, 


ih = for Cc = 0 (7-71) 

l = p = for Co = 0 (7-72) 

T p (t €i) 

Dividing Eq. (7-71) by Eq. (7-72) gives 

ihTp = %e-b for 6c = 0 (7-73) 


At M, where % = Irm and ei = JBmin, the composite static plate charac¬ 
teristic joins the static characteristic for tube 1, and the value of Tp at 
that point is equal to the reciprocal of the slope of the composite 
characteristics. Hence, evaluating Eq. (7-73) at M gives 

IrmTpp ~ (7-74) 

^ The author is indebted to Mr. W. K.. Ferris of the RCA laboratories for th^ 
derivations in this section, 
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But; since = Ebo — /rwA and, for optimum output, == n, 

Irni^pp ^ Ebo Emm 

Combining Eqs. (7~74) and (7-75) gives 

Ebo Emin = iEniin 


and 


Emin = 0.6Ebo 
Errn ~ Ebo Emin ~ 0.4:Eb( 


(7-75) 

(7-76) 

(7-77) 

(7-78) 


At N the plate and grid voltages of tube 1 have tlie values 

Ch = Ebo ■+ Er7n = Ebo + OAEbo = (7-79) 

Co == 2E, (7-80) 

Since the plate current of tube 1 is zero at point N under maximum 
Class A1 bias, a grid voltage equal to twice the grid bias gives cutoff at a 



Fici. 7-22.—-Idoalizod (lornpoBito plato diagrairi of triodoH witli opiimiuu load raHi«tanco and 

niiaxitnunii Cla8« A1 biaH. 


plate voltage Therefore the limiting value of Ea for push-pull 

Class A1 operation of triodes is one-half the value tliat reduces the plate 
current to zero at a i)lato voltage e(iual to lAEto- Because of variation 
of amplification factor, tlie value detcuaniued in this manner is not exactly 
equal to the value that results in plate-current cutoff at a plate voltage 
of 0,1 Ebo. Tlie error, however, will usually be less than 5 per cent if the 
limiting Class A1 bias is determined from the formula 
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This value of bias gives the highest plate-circuit efficiency that can be 
obtained in optimum push-pull Class A1 operation of triodes. 

Optimum power output and load resistance of triodes at the limiting 
value of Class A1 bias can be deternoined without constructing composite 
characteristics. By using Eq. (7-77), it can be seen from Fig. 7-22 that 
Irm is the plate current of one tube at the plate voltage 0.6l4\„ and zero 
grid voltage. Optimum power output may be found by substituting 
this value of 7™ in the following equation, which is derived by substituting 
Eq. (7-78) in Eq. (7-64): 

Optimum P„ = 0.2IrmEb,> (7-82) 

Optimum secondary load resistance is equal to the reci])rocal of tlie slope 
of a line drawn through the point Eb„ on the voltage axis, and the point 
et = O.QEbo on the zero-grid-voltage characteristic of one tulx';. Tins is 

Optimum n = — (7-83) 


7-30. Push-pull Class A1 Triode Power Output in Terms of Operating 
Plate Voltage.—An expression for optimum powei' output of push-pull 
triodes in terms of operating plate voltage can be dcriveil fi-om the plate 
diagram of Fig. 7-22. 


Eb, 


Ey = distance YQ = -|- SQ 


■jij) -f- IrmTh 

(7-84) 



I'vv + 1'b 

(7-85) 

(7-64) gives 


(A„„ - EyYn 


2(r„„-hn,)“ 

(7-86) 


Full P„ 

For optimum power output, n = r,„,, and for maximum ('lass A1 liias 


Ey ^ Eu - (). 8 Je,,„ = 0 . 2 /!,', 

Optimum P„ ^ 0.08 -- ( 7 - 87 ) 

The principal value of Eq. (7-87) lies in the fact thai. it shows f lui manner 
in which the power output depends upon the operating iilate voltage 
and upon plate resistance. r„ decreases with incnuise of steepness of 
the static plate characteristics. Therefore, triodes used in ('lass A push- 
pull power amplification should have low plate resistnnee. 

7-31. Suppressor and Beam Power Pentodes in Push-pull Operation. 
It can be seen from the compo.site plate diagrams of Figs. 7-17 and 7-18 
that the shape of composite pentode character-istics is not such as to 
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allow Eq. (7-69) to be applied. Distortion rapidly be(3omes prohibitive 
as the load resistance is increased beyond the value for which the load 
line intersects the composite characteristic for full grid swing at the knee. 
The characteristics fall so sharply at ijlate voltages lower than that 
of the knee that the power output also begins to decrease as the load 
resistance is increased beyond this value. The load lines shown in Figs. 
7-17 and 7-18 represent approximately the limiting load resistances 
beyond which the distortion rises sharply and little or no increase in power 
output is obtained. 

Comparison of Figs. 7-17 and 7-18 shows clearly that the minimum 
plate voltage of the beam power tube can be reduced to a lo wer percentage 
of the operating voltage than that of the siipi)ressor pentode without 
producing excessive distortion. This makes for higher plate-circuit 
efficiency and higher output at a given plate dissipation. The composite 
characteristics of the beam pentode are also seen to be more evenly 
spaced than those of the suppressor pentode, so that distortion can be 
made much lower with the beam pentode than with the suppressor 
pentode. Two 6L6 tubes in Class A1 push-pull operation are capable of 
delivering an output of 14.5 watts with a distortion factor of only 2 per 
cent and a plate efficiency of 41.5 per cent. 

7-32. Summary. Push-pull Operation. —A complete analysis of the 
operation of tubes of a given type in a puBh-pull amplifier with an output 
transformer of unity turn ratio between the secondary and each half of 
the primary may be made by constructing composite plate diagrams for 
various values of operating plate voltages. The amplitudes of the fun¬ 
damental and harmonic components of the load (uirrent may be deter¬ 
mined by applying Eqs, (4-34), (4-35), or (4-36) to the plate diagrams or 
to transfer characteristics of load current instantaneous alternating 
grid voltage derived from the plate diagrams. 

Optimum load resistance for triodes in Class AI or Class ABl opera¬ 
tion is that corresponding to a load line wliose slope is ecpial in magnitude 
to that of the cornpoBitc characteristic's. For pentodes, optimum Class 
A1 or Class ABl load resistance is approximat^ely that (sorresponding 
to a load line which intersects the composite (‘.liaraciteristic corresponding 
to positive crest alternating grid voltage just to the riglit of tlio knee, the 
exact value being influenced by the allowable nonlim^ar distortion. 

Optimum load resistance and power outi:)ut for triodes with maximum 
Class A1 bias may be quickly determined without constructing composite 
characteristics by substituting in Eqs. (7-82) and (7-83) the plate current 
determined from the aiero-grid-voltage plate characteristic of one tube 
at a plate voltage of 0.6/iJ&o. 

7-33. Turn Ratio of Output Transformer. Plate-to-plate Load.— 

The foregoing analysis was based upon a transformer having unity turn 
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ratio between half the primary and the secondary. For any other turn 
ratio the load must be transformed into an equivalent load at unity 
turn ratio, and this equivalent load must be used in determining the slope 
of the load line and the power output. The analysis of Sec. 7-21 shows 
that the equivalent unity-turn-ratio load n is equal to r/n^, where r is 
the actual secondary load and n is the turn ratio of the secondary to each 
Vifllf of the primary. Usually the optimum value of n is determined 
graphically or experimentally, and r is the known resistance of the loud¬ 
speaker or other load. The transformer turn ratio is then chosen so that 

= - (7-88) 

n 


It is common practice to specify the optimum plate-to-plate load, rather 
than the optimum unity-turn-ratio load. A plate-to-plate load is a load 
connected across the primary from plate to plate. Since the total 
number of primary turns is 2N, a load connected from plate to plate has 
the same effect as though it were connected across a secondary having 
2N turns. For such a transformer n is 2, and so 



(7-89) 


where is the plate-to-plate load. Hence the optimum plate-to-plate 
load is four times the optimum unity-turn-ratio load. For an optimum 
plate-to-plate load r&s and an actual secondary load r, the turn ratio must 
be chosen so that 

n* = — (7-90) 

rm 

Problems 

7 - 1 . Construct a “power-output rule'’ for 5 per cent second harmonic. 

7 - 2 , a. Neglecting the shift in operating point with excitation, locate the optimum 
operating point for a 45 triode operated at a plate voltage of 200 volts. The load is 
nonreactive and is coupled to the tube through a transformer of small primary 
resistance. The allowable plate dissipation is 10 watts, and the allowable second- 
harmonic content is 5 per cent. 

h. Locate the optimum load line. 

c. Determine the optimum power output graphically. 

d. From the load line find the optimum load resistance. 

e. Determine the plate resistance at the operating point. 

/. Using the values of and n found in (c) and (d), find the optimum power 
output by means of the equivalent plate circuit. 

g. Check the optimum power output by means of Eq. (7-21). 

h. Find the power input to the plate circuit, and the plate efficiency. IIhc the 
graphically determined value of power output. 

i. Find the power sensitivity, using the graphically determined value of optimum 
power, 



CLASS /I AND CLASS ABl POWER AMPLIFIERS 


259 


j. If the resistance of the load across the secondary of the output transformer is 
40 ohms, find the correct transformer ratio. 

7-3. Repeat Prob. 7-2, using an operating plate voltage of 300 volts. 

7-4. Determine the optimum operating voltages, load, and power output of a type 
45 triode at unspecified operating plate voltage, an allowable plate dissipation of 5 
watts, and an allowable second-harmonic content of 5 per cent. 

7-6. In the diagram of Fig. 7-23 are shown idealized triode and pentode char¬ 
acteristics for the same operating voltages and currents. Both sets of characteristics 
are assumed to be straight, parallel, and equally spaced, and the pentode character¬ 
istics are assumed to be parallel to the voltage axis to the right of the knees. Imi^ is 
assumed to be zero for both tubes. By means of this diagram show that a triode 
which operates at the same plate voltage as a pentode and delivers the same power 



output at the same efnciency and power sensitivity would have to have a transcon¬ 
ductance whose value is approximately {2Ebo — Emin)/Emm times that of the pentode. 

7-6. a. Construct composite characteristics for type 6F6 tubes connected as 
triodes (page 49), operating at a plate voltage of 250 volts and a grid bias of —30 volts. 

h. Draw the load line for optimum load, and determine the optimum plate-to-plate 
load resistance. 

c. Find the percentage Hz and percentage Ih at full grid swing. 

d. Find the power output for two tul)cs. 

e. Find the plate efficiency. 

/. Find the recpiired transformer turn ratio if the secondary load is 50 oh ns. 
g. Plot the path of operation for one tube. 
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CLASS B AHD CLASS AB2 AMPLIFIERS 

The distinguishing feature of Class AB, Class B, and Class C amplifiers 
,as a group is that plate current in individual tubes does not flow during 
the whole cycled Class B and Class C operation were originally used in 
radio-frequency amplifiers. Later it was shown that the high power 
output and eflSiciency of Class B operation could also be attained without 
excessive distortion in audio-freciuency amplifiers^ More recently Class 
B audio power amplifiers have to a great extent been displaced by Class 
AB amplifiers using beam power tubes, which give much lower amplitude 
distortion and operate at only slightly lower efficiency. Class B opera¬ 
tion now finds its princi{)al application in r-f amplifiers; in battery- 
operated a-f power amplifiers, where low power consumption is essential; 
and in high-power a-f power amplifiers used to supply signal excitation 
in linear plate modulation. Class C operation, as explained in Chap. 5, 
can be used only in r-f amplifiers. 

8-1. Class B Audio-frequency Amplifiers.— Because a tube that is 
used in Class B amplification passes 
plate current during only approximately 
half the cycle, Class B audio amplifiers 
must employ two tubes in push-pull in 
order to prevent excessive^ distortion. 

The composite plate diagrams discussed 
in the preceding chapter arc appli(‘4il)l0 
to the analysis of Class B amplifiers. 

Since the static operating |)late current 
is small, if not actually zero, the com¬ 
posite portions of the plate characteris¬ 
tics take up a relatively small portion of Pio, 8-i.— “Compc>«ite plate dla- 
the whole curves, as shown in Fig. 8-1, to “.utofvZj^ ““ 

and only at very small signal voltages 
does the path of operation intersect these composite curves* 

The advantages of Class B operation over Class A operation in audio¬ 
frequency power amplifiers are the higher plate-circuit efficiency and the 
resulting higher power output that can be attained with tubes of a given 

^ The student should review Sec. 5-15. 

Bakton, L. 15., Proc, IMJl, 19, 1131 (1931); 20, 1035 (1932). 
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size and with, power supplies of a given capacity. The piincipal disad¬ 
vantage is the much greater nonlinear distortion. Furthermore, full 
advantage of the capabilities of Class B amplification is olrtained only 
when the grid swing is so great that grid current flows during a consider¬ 
able portion of the cycle. The flow of grid current and the as,sociated 
expenditure of power in the grid circuit are disadvantages that result 
in a number of design problems. These and other design irrobleins will 
be discussed in detail in Sec. 8-9. 

The greatest plate-circuit efficiency is obtained if the grids are actually 
biased to cutoff, reducing the static operating plate current and static 
plate power dissipation to zero. Under this condition of oi)eration only 
one tube at a time carries current, and the plate-circuit diagram reduces 



Fig. 8-2. —Composite plate diagram for 
triodes biased to cutoff. 



Fjg. 8-3.- .Dynamic transfer cliaracter-* 

istic coiTCHponding to tlu> iflatn liiagram of 

Fig. 8-2. 


to that of Fig. 8-2. The dynamic transfer characteristic eorr<58ponding 
to Fig. 8-2 for the two tubes is of the form shown in hlg. 8-3. It is 
apparent that the relation between plate current and grid voltage is far 
from linear and that appreciable distortion will re,suit. If, on the other 
hand, the grid bias is made sufficiently less negatives than the cutoff value 
(as in Fig. 8-1) so that those portions of the dynamic, t.i'amsfer clmracter- 
istics which are approximately straight fall on a common line, sis in 
Fig. 8-4, then distortion will be greatly reduced. 

The resultant dynamic curve of load current ra. altenmting grid 
voltage for that portion of the cycle during which both tubes pass current 
cannot be obtained by adding the currents of the two individual dynamic 
characteristics of Fig. 8-4. These dynamic charaet(U'ist>ies are drawn 
under the assumption that the instantaneous plate voltage of «ich tube 
depends only upon the plate current of that tube, whereas, as shown in 
Chap. 7, it depends upon both plate currents. The resultant dotted: 
portion of the dynamic transfer characteristic in h'ig. 8-4 must lie derived 
by the method explained for push-pull amplifiers in Hee,. 7-23. It is 
generally slightly S-shaped, as shown in Fig. 8-5. At high excitation thk} 



Sec. 8-2j 


CLASS B AND CLASS AB2 AMPLIFlMliS 


263 


curvature is relatively unimportant, but at low excitation it results in 
appreciable nonlinear distortion. 



Pig. 8-4.—Dynamic transfer clmraetcr- Pni. 8-5. ' Dyuatnie transfer character¬ 
istic corresponding to the plate diagram of istie at small values of grid swing, (cj, is 
Fig. 8-1. irioasurod relative to E^.) 

8-2. Class B Characteristics.—Because the path of operation is not 
restricted to the negative grid-voltage region in Class B amplifiers, 
problems of Class B amplifier design involve not only the plate charac¬ 
teristics, but also the grid characteristics. In Fig. 8-6 are shown static 
curves of ii, and i, vs. Cb for a type 46 tube. ^ The dynamic transfer charac- 



e^, Volts 


Fig. Static pinto chanictormtira nml iilut.ivgrid tmimfor (diarnctoristioH for typo 46 

tube, connootod for asoro-ldtiH CJlanH B opcsration (gridH tied together). 

teristics and the dynamic grid characteristics, which are shown in Figs. 
8-8 and 8-9, may be derived fi-om the static characteristics by methods 
outlined in Chaps. 4 and 7. Figure 8-7 shows composite plate charac¬ 
teristics used for deriving the dynamic characteristics at low grid swings. 
At higher alternating grid voltage the load lines of Fig. 8-6 determine 
directly corresponding values of 4 and c. for the given loads; they also 
* The type 46 tube is dosignod to operate with zero bias iti Olass B aiupEfiers. 
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determine simultaneous values of 65 and e<j that can be used in Fig. 8-6 
to pick simultaneous values of ic and e. for the dynamic grid characteris- 



8-7.—Composite plate charaoteristicjs at zero^ bias for typo 4() tuhc« conmx^cMl for 
Class B operation (grids tied together). 



hid. 8-8.—Dynamic transfer characior- 
istica of type 46 tub© in zero-bias Class B 
operation. 



Fjo. H-i). Dynanuc: grid (diaracter- 
isties of typo 46 tnia^ in zin’o-lmiH Class B 
operation. 


tics of Fig. 8-9. The slope of any load line is the reciprocal of n, i.e., of 
Inb, where is the effective plate-to-plate load resistances ‘ 

‘ I'kcept, at low grid swings, only one tube at a time passc's current, and so the 
effective load per tube is n ■= {ru,. 
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The bending over of the dynamic transfer characteristics at high 
positive grid voltages results from diversion of electron current from plate 
to grid. For a given value of grid voltage, the grid current, and hence 
the loss of plate current, are greater the lower the plate voltage. Since 
voltage drop in the load resistance lowers the instantaneous plate voltage, 
the diversion of current from plate to grid is greater for higher load 
resistances, and therefore the bending of the dynamic transfer charac¬ 
teristics increases with load resistance. 

8-3. Harmonic Content. —Equations (4-35) or (4-36) or other more 
accurate methods of harmonic analysis may be used in determining the 
amplitudes of the fundamental and the third- and fifth-harmonic currents. 
It should be noted that, although the push-pull circuit prevents the 



Gnd Swing, Vol+s Grid Swing, Volfs 


Fig. 8-10.—Per cent third harmonic as a Pig. 8-11.—Distortion factor as a funo- 

function of grid swing. Typo 46 tubes in tion of grid swing. ^ Type 46 tubes in. zero- 
zero-bias Class B operation. bias Class B operation. 

appearance of even harmonics or steady components in the output, the 
plate current of each tube contains a large steady component and that 
the average plate-supply current is the sum of the average currents of the 
two tubes. The high-order harmonic content of the plate-current wave of 
each tube is so great that the five- and seven-point methods of graphical 
analysis of Chap. 4 do not give accurate values of average plate current. 
The average plate current may be found by the use of more accurate 
selected-ordinate analyses, or by determining the average ordinate of the 
plate-current waves constructed from the plate diagram or dynamic 
transfer characteristic. 

Figure 8-10 shows curves of per cent third harmonic derived from 
the dynamic transfer characteristics of Fig. 8-8 by the use of Eqs. (4-34), 
(4-35), or (4-36). As explained in Sec. 4-15, the algebraic sign of the 
harmonic amplitude is merely an indication of the phase relation between 
the fundamental and the harmonic. When the load current is repre¬ 
sented by Eq. (4-22), the numeiical value of Hz will in general be negative 
if the curvature of the transfer characteristic is predominantly convex 
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upward, and positive if the curvature is predominantly concave U|) ward. 
The reduction of harmonic content with grid swing at grid swings Ixdow 
30 volts and reversal to substantial negative values results fi-oin thc^ S 
curvature of that part of the dynamic transfer characteristic whicth is 
shared by both tubes. 

Distortion.—Figure 8-11 shows curves of distortion factor, as defined 
by Eq. (4-38), the third and fifth harmonics, only, being considered, 

8-4. Power Output.—Accurate determinations of Class B power 
output m,ust be made either experimentally or by substituting grapld<xilly 
determined values of fundamental plate-current am|)litiulc in the relation 


Po = (for two tubes) 


(8-1) 


in which is the effective 
effective plate-to-plate load 
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Fig. 8-12. —Power output as a 
function of grid swing. Type 46 
tubes in zero-bias Class B operation. 

as shown in Fig. 5-20. The 


load resistance per tube (one-fourth tlie 
resistance). Figure 8-12 shows ciirvos of 
power output of two tubes as a function 
of grid swing. These curves were derived 
by substitution in E]q. (8-1) of values of 
Hi determined by the application of K(|s. 
(4-35) to the dynamic transfer character¬ 
istics of Fig. 8-8. 

Approximate expressions for power 
output can be derived under the assump¬ 
tions that the tubes are biased to cutoff, 
so that Iho is zero, and that the distortion 
is negligible. The wave of plate current 
of each tube then approximates a half 
sine wave of amplitude and the two 
tubes combine to give sinusoidal output 
approximate power output is 


Po = i/p 


I ^/ p^Ep 


(for two tubes) (8-2) 

Since the current wave of each tube is assumed to be a half sine wave and 
since the average value of a half sine wave, averaged over the wliole cycle 
IS the crest value divided by tt, the average plate current of eacli tube is ' 


T _ ^ pm 

■'••--7 (M) 

Substtatmg Eq. (8-3) i„ Eq. (8-2) give, (or the approximate 


Pp — 4.941 jaVj 


(total power in terms of average 

current of one tube) 


(8-4) 
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The v^lue of Eq. (8-4) lies in the ease with which approximate laboratory 
measurements of power output of tubes in Class B amplification can be 
made by the use of a d-c milliammeter. In Fig. 8-13 is shown a simple 
circuit which may be irsed for this purpose. The power output is half 
as great as with two tubes, so the power output in the circuit of Fig. 8-13 


is given by 

Po = 2AlIba^n (for one tube) (8-5) 

Equations (8-2) to (8-5) cannot be 
applied with accuracy when the path of 
operation extends beyond the knee of the 
dynamic transfer characteristic. 

8-5. Power Input, Plate Dissipation, 
and Plate-circuit Ejfficiency. —The power 
input to the plate circuit is 



Fta. 8-13.—Circuit for the ap¬ 
proximate measurement of power 
output of tubes in Class B 


Pi = 2E,,Jia ( 8 - 6 ) 


where Iia is the average plate current of one tube. An approximate 
expression for the power input is obtained by substituting Eq. (8-3) in 
Eq. (8-6), giving 

Pi = ? (8-7) 



The approximate iilate-circuit efficiemey is found by combining Eq. (8-2) 
and Eq. (8-7). 



Equation (8-9) shows that the plate-circuit efficiency of an ideal 
distortionless Class B amplifier increases with alternating plate-voltage 
amplitude and that tlie maximum tlieoretical efficiency would be obtained 
if the amplitude of the alternating plate voltage were equal to the plate 
supply voltage. This would give a value of 78| per cent. In order to 
obtain this maximum efficiency, the tubes woukl have to be biased to 
cutoff, the plate voltage would have to fall to ^jero at the positive crest 
of grid voltage, and the distortion would have to be zero. Although this 
condition cannot be attained in practice, practical efficiencies of 60 per 
cent or higher are obtained. Because of this high efficiency, plate dissh 
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pation is low, and relatively small tubes can furnish large amounts of 
power in Class B amplification.^ 

8-6. Use of Hyperbolas in the Determination of Approximate Output, 
Dissipation, and Efficiency.— For a constant value of power, Eq. (8-2) 
represents a rectangular hyperbola. As Ej„ is measured in a negative 
direction relative to Ehi, the hyperbola lies in the second quadrant (with 
respect to Em as zero axis) and is asymptotic to the voltage axis and to 
the line et = Ek- The hyperbola for a given power output may be con¬ 
structed by plotting corresponding values of voltage, measured negatively 
relative to Eu, and current, whose product is equal to 2P„, as shown in 
Fig. 8-14. For a constant value of plate dissipation, Eq. (8-8) also 
represents a rectangular hyperbola. I pm is infinite when Epm — 4Fw./ir, 



Fig. 8-14. —Class B power-output Fyper- Fig. 8-15. —Class B plate-dissipation hyper¬ 
bola. bola. 

showing that the hyperbola is asymptotic to the line Epm = As 

Epm is measured with respect to Ehh this asymptote lies at a distance 
Ehh — (iEbb/ir) = —0.274:Ebh from the origin, and the hyperbola is in the 
first quadrant (with respect to the line —0.274^/66 as zero axis). The 
hyperbola for a given value of plate dissipation may be constructed by 
plotting corresponding values of voltage, measured positively relative to 
eij = — 0.274E66, and current, whose product is equal to 2Pp, as showm in 
Fig. 8-15. If a number of these hyperbolas are plotted on the plate 
diagram, the approximate values of power output, plate dissipation, 
and plate-circuit efficiency can be determined at a glance for any load 
resistance and grid swing.^ Output and dissipation hypei'bolas have been 
plotted in the plate diagram of the 46 tube in Fig. 8-16. Comparison of 
power output read from this diagram with the more accurate values 
plotted in Fig. 8-12 shows that values determined in this manner are 

1 At 60 per cent efficiency the ratio of output to dissipation is 1.5; at 22 per cent 
efficiency it is approximately 0.28. Therefore, at the same plate voltage and with the 
same dissipation, one would expect to obtain roughly five times as much power in 
Class B as in Class A amplification. 

2 De la SabloniIire, C. J., Wireless Eng.j 12, 133 (1935). 
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withm 6 or 7 per cent of the correct values if the path of operation does 
not extend into the region where the static characteristics cease to be 
approximately parallel. It should be noted that the shape and spacing 
of these hyperbolas depend only upon the current and voltage scales 
They are not altered by change in tube characteristics, and change in £^6 
merely shifts them. 1 herefore, if they are plotted on transparent paper 
they can be used for any tube and plate supply voltage providing that 
the static characteristic.s are drawn to the same scales. 



Fig. 8 - 16 . Tho use of hyporbola.i iu tlio in>iiri>xiinat(i KmpIuiuU Uotonuination of Class B 
powcir output and iilate diMHipjitiou. 

8-7. Determination of Optimum Load.^~''rhc 3 manner in which the 
load resistance of a Class B ainplifkn- is chosen depends upon tho 
amount of power available from the preceding stage, whicli is called the 
driver. If^ the available driver power is greatly in excess of the power 
expended in the grid curcuit of the Class B tulics, then the grid driving 
power need not be taken into consideration, and (he load resistance may 
be chosen so as to give the greatest power output consistent with allow¬ 
able values of distortion, plate and grid dissiiMit.ion, and maximum peak 
pate current. Ihii^y it the available grid driving power is unlimited, 

^ 1 The metliod of analysis discussod iu this .section is Imsed upon tho families of 

and characteristics. An excellent method of analysis based upon tho 
Characteristics at coiiKUint plate ourront and at constant grid curront has been 
aeveloped by 1':. L. (lhaffee. At present this method is limited in its apfilication by the 
ac^ lat eirCc characteristics arc not ordinarily available. 'I'lioso interested in the 
design of Class B and Class C amplifiers shmihl refer to Dr. Chaffee’s article, J. 

Apphed I hymcs, 9, 471 (1938). See also R. L. Sarbacher, Electronics, December, 
1942, p. 52. ' I > 
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Pigs. 8-8, 8-11, 8-12, and 8-16 show that with a load resistance of 2000 
ohms (8000 ohms plate-to-plate) type 46 tubes in Class B amplification 
will give an output of approximately 30 watts without exceeding 5 per 
cent distortion, the maximum allowable peak plate current of 200 ma, 
or the maximum allowable plate dissipation of 10 watts per tube. The 
required average grid driving power equals one-half the product of tlic 
peak grid voltage by the amplitude of the fundamental component of 
grid current found graphically from Fig. 8-9 at the chosen load resistance. 

The first cost and economy of operation depend among other things 
upon the amount of power that must be supplied by the driver. When 
cost and economy of operation are primary considerations, it is sometimes 

necessary to choose the load resistance in 
such a manner as to give the highest 
power output per milliwatt of driver 
power, consistent with allowable distor¬ 
tion, dissipation, and peak plate current. 
Because the grid current usually rises 
rapidly with positive grid voltage, the 
peak grid power may be high even though 
the average grid power is small. Peak 
grid power, therefore, rather than average 
grid power, is the determining factor. 
Curves of optimum power output, opti¬ 
mum load, distortion, grid swing, plate 
dissipation, and efficiency as a function 
of peak grid power may be derived from 
the grid-current, power-output, distortion, and plate-dissipation curves 
of Figs. 8-9, 8-12, 8-11, and 8-16. 

The first step is the construction of curves of peak grid power as a 
function of grid swing for different values of load resistance. These 
curves, shown in Fig. 8-17, are constructed by taking the products of 
simultaneous values of crest grid current and grid voltage read from the 
curves of Fig. 8-9 and plotting them against grid swing. Then points 
on the power-output curves of Fig. 8-12 corresponding to various constant 
values of peak grid power are found by means of the peak-grid-power 
curves of Fig. 8-17 and joined, as shown in Fig. 8-18. Thus, Fig. 8-17 
shows that for 1-watt peak grid power, the grid swings for lOOO-, 2()()()-, 
3000-, and 5000-ohm loads are 48, 44, 39|, and 33| volts, respectively. 
These and intermediate values of grid swing determine the 1-watt peak 
grid-power contour of Fig. 8-18. An alternative procedure is to use 
Fig. 8-12 in finding points of the peak--grid-power curves of Fig. 8-17, 
corresponding to various constant values of power output, and to join 
these points. This gives the constant power-output contours of Fig. 



Fig. 8-17. —Peak grid power as a 
function of grid swing. Type 46 
tubes in zero-bias Class B 
operation. 
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8-19. The maxima of the constant peak-grid-power contours of Fig. 
8-18 or the minima of the constant power-output contours of Fig. 8-19 



0 I-1_1_I_I_I_I 

30 40 50 60 

Grid Swing/Volts 

I'lG. 8-18.—Powc'r output iiw a function of grid Bwiiig for various valiuvs of load resistance n 
and for various values of peak grid jiower Py. 



Grid Swing,Volfs 

Fig. 8-19.—I^eak grid power as a fuiudion of grid swing at constant load resistance n and at 

constant power output Pt#. 

determine Bimultaneons valuen of peak grid power, optimum power out¬ 
put, optimum load reHi8taiice, and grid swing which may be plotted to 
give the optimum-power, optimum-load, and grid-swing curves of Fig. 
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8-20. (The dashed curve of Fig. 8-18 passes through the maxima.) 
These values of grid swing may be used to determine the plate dissipation 
frona Fig. 8-16, and percentage FI 3 and distortion factor from Figs. 8-10 
and 8-11. They may also be used in Fig. 8-9 to find the peak grid resist¬ 
ance, which is defined as the ratio of the peak grid voltage to the peak 
grid current. 

Portions of the curves of Fig. 8-20 that lie to the right of the dotted 
line correspond to plate dissipation in excess of the allowable 20 watts 
(for two tubes) and so cannot be used. Figure 8-20 therefore shows that 
if it is essential to keep peak grid power to a minimum, the greatest 
power output that can be developed with 46 tubes is only 22 watts and is 



Pig. 8-20.—Optimum power output, optimum load resistance, x>eak grid swing, plate 
dissipation, percentage Hs, distortion factor, and peak grid resistance as a function of peak 
grid power. Type 46 tube in zero-bias Class B operation. 

obtained with a load of about 1600 ohms (6400 ohms plate-to-plate). 
It is interesting to note, however, from Figs. 8-18, 8-16, and 8-11 that at 
this value of power output an increase of load resistance to 2000 ohms 
produces only a very small increase of peak grid power and results in an 
appreciable reduction in required grid swing and plate dissipation and 
in some reduction in harmonic content. The curves of the 46 tube are, 
of course, used only for the purpose of illustrating the method of analysis. 
The final curves for other types of tubes differ considerably and con¬ 
clusions drawn from the 46 curves do not necessarily apply to other 
types of tubes. 

8-8. Approximate Determination of Maximum Power under Specified 
Conditions ©f Operation.—A very simple method is available for the 
approximate determination of optimum load resistance under any 
specified limiting condition of operation, such as allowable peak grid 
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power, peak grid current, grid swing, etc. ^ It is merely necessary to draw 
a curve on the plate diagram giving the locus of simultaaeous values of 
ly^and jBpm that will give the specified peak grid power, grid current, etc. 
The optimum load under the specified condition of operation is that 
corresponding to the load line whose slope is equal to minus the slope of 
the locus curve at their point of mtei'section. The proof of this is simple. 
In Fig. 8-21 let the curve represent the locus of all simultaneous values 
of Ipm and that will satisfy the specified limiting condition of opera¬ 
tion. Under the assumptions that the grid bias is equal to the cutoff 
value and that distortion is negligible, the power output is 


Under the specified limiting condition, the values of 1,^ and Bp^ must 
correspond to points on the locus. The power is 
a maxhnum when 


dP „ 


0 


or 


7.1 


+■ IjK 



pm 


(LI 'pm 

dli/ ptti 




( 8 - 12 ) 


Fig. 8-21.—Class B 
jilato diagram, showing 
locus of simultaneous 
values of I pm and Bpm 
uiKlcr s|)ecifio(l limiting 
corulition of operation. 


Since Ipm and Epm must correspond to points of 
the locus and must also lb on the load line, 

(iIpn/dEpn is tlie slope of the locus at the [loiiit of intersection with 
the load line. Ijm/Epm b tlic sloiio of the load line. Therefore the 
power output is a maximum when the slopi} of the locus at the point of 
intersection is equal to tlie rn^gativc^ of tlu^ slope of the load line. The 
student will find it interesting to cho<;k valuers determined in this maimer 
with the more aexuiratc determinations tliat liavc been discussed. 

8-9. Problems of Class B Amplification.—A luirnher of special 
problems are encomitei'cd in the dc^sign and opcvnition of Class B ampli¬ 
fiers. These problems and the methods of solving thfuri follow: 

1. The variation, of |)ow(vr input to the plate circuiit with excitation 
amplitude iiecessitat(\s tlic^ usc^ of a powc^r supply of low regulation. It 
the plate power is denived from l)att(U'ios, the intenial resistance of the 
batteries must be low. If tlic^ power is obtained from a rectifier, it is 
advisable to include in tlic^ power supply a voltage stabili^ier of the type 
discussed in Sec. 14-13 and slunvn in Fig. 14-22. It is essential to use a 
rectifier transformeu’ of low ivgulatiori, a low-resistance filter, and mer- 

1 MAcrA'DYON', K. A., An^,, 12, 528 (1935); Moueomtoeff, I. E)., and 

Kozanowski, IL N., iVoc. IJUl, 23, 1224 (1935). 
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cury-vapor rectifier tubes. Mercury-vapor rectifiers have a low internal 
voltage drop which remains practically constant over a wide range of 
current. The characteristics of mercury-vapor tubes and the design of 
filters are taken up in Chaps. 12 and 14. 

2 . The flow of grid current in Class B amplifiers necessitates the use 
of a C-voltage supply of low regulation, or of special tubes that can be 
operated without biasing voltage. Owing to the variation of average 
plate current with grid swing and the fact that the tube is biased nearly 
to cutoff, cathode biasing resistors cannot be used without great reduction 
of power output and production of excessive distortion. 




Fig. 8-22.—Circuit for preventing dis- ,Fiq. 8-23.—Practical form of tile circuit of 
tortion resulting from C-supply imped- ' Fig. 8-22, 

ance. 

Because of curvature of the grid-current characteristics and the flow 
of grid current during only a portion of the cycle, C-supply regulation 
distorts the alternating grid voltage. The simplest method of over¬ 
coming this difficulty is by the use of a voltage stabilizer in the output 
of the C supply. A voltage-stabilizer circuit designed particularly for 
this type of service is discussed in Sec. 14-13 and shown in Fig. 14-24. 
A second method was devised by Rockwell and Platts.^ Their basic 
circuit is illustrated in Fig. 8 - 22 . Ti and To are the amplifier tubes, and 
Tz and T 4 are auxiliary compensating tubes. R is the resistance of the 
C-supply. Without Tz and T 4 , the flow of grid current through R during 
the portion of the cycle in which the grids are positive would cause a 
voltage drop through R that would distort the alternating grid voltage. 
The grid bias of the auxiliary tubes Tz and T 4 is adjusted, however, so 
that plate current starts flowing in one of these tubes at the same instant 

1 Rockwell, R, J., and Platts, G. F., Proc, I.R.E., 24, 553 (1936). 
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that grid current starts flowing in the corresponding amplifier tube. By- 
adjustment of Pi and P 2 the plate current of the auxiliary tubes can be 
made to increase in approximately the same manner as the grid current of 
the main tubes, so that most of the grid current of the amplifier tubes 
flows through the auxiliary tubes, rather than through li, and the dis¬ 
tortion caused by the voltage drop through R is reduced. Figure 8-23 
shows a practical form of this circuit. By overeompensating, so that the 
negative grid bias decreases as the grid swings positive, it is possible to 
reduce the distortion caused by the reduction of plate voltage at the 
current peaks because of plate supply regulation. Two sets of auxiliary 
tubes may be used, one to compensate for grid-supply regulation, and the 
other for plate supply regulation. Rockwell and l^latts report 2 per 
cent distortion in the circuit of Fig. 8-23 at 90 watts output, as compared 
with 6.3 per cent distortion with uncompensated l)attery bias and 9 per 
cent distortion with uncompensated rectifier 
bias. 

For relatively small power output a num¬ 
ber of special zero-bias Class B tubes have 
been designed. Examples of these are the 
46, the 79, the 53, and the 6N7. In order 
to obtain the required low value of operating 
plate current without grid bias, the tul)es 
must be designed to have high amplification 
factors. (This follows from priucij)l(^s dis¬ 
cussed in Chap. 3. High ami>lificati()n faci- 
tor is attained l)y making the shielding of 
the grid so great that little field from the i)latt^. ixuietrates to the 
(cathode. The field tit the cathode, aiui hen(‘,e tlie plate current, 
is then small at zero grid voltage.) in thes 4i) tube tlie high amplification 
factor is obtained l)y the use of two grids, which are connected together 
for Class B ()|;)eration. By connecting the se<H>nd grid to tlie plate this 
tube can also be used as a Class A am|)lifier. 

3. Power ex[)ended in the grid circuit of the Glass B tubes raquircB 
the use of a driver stage culpable of sui.)plying, witlioiit excessive dis¬ 
tortion, the necessary jicak grid-power and tlie power lost in the coupling 
transformer. Becjiiuse of variation of grid resistance of the Class B tube, 
evidenced by curvature of the grid-current clraracteristic and by the 
fact that grid current flows during only part of tlie cycle, the etfe<5tive 
load transferred to the driver varies during the cycle. If the coupling 
transformer has small leakage reac^tance, the driver output voltage is 
in phase with the Clim B grid voltage, and the effective driver load 
resistance is a minimum at the ends of the path of ()],)eration and a 
maximum at the middle. The path of operation of tin) driver is curved, 



Fiu. 8-24. -CutTuturo of 
pjith of operation of drivor re- 
Huliiug from variation of effec- 
iivo load. 
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as shown in Fig. 8-24.^ The curvature of the driver load line tends to 
flatten the peaks of driver output voltage and thus adds to the dis¬ 
tortion of the Class B stage resulting from bending over of the dynamic 
transfer characteristics. This type of driver distortion is redu(*ed by 
increasing the optimum driver power relative to the peak gi*id power 
required by the Class B tubes. For this reason it is always best, when 
possible, to use a driver whose power rating is suflxciently liigli so that 
it is essentially unloaded. 

4. The impedance drop in the grid circuit produced by tlie effective 
grid-circuit impedance causes the instantaneous grid voltage to differ 
from the instantaneous applied excitation voltage. As the result of 
lack of proportionality between grid current and grid voltage, this 
distorts the grid voltage. Under certain conditions the divstortion causcKl 
by resistance in the grid circuit may cancel a portion of the i)late-circuit 
distortion, but in general grid-circuit distortion increases the total dis¬ 
tortion. By means of a graphical analysis based upon the grid-cnirrent 
characteristic, McLean has shown that the presence of inductance in the 
grid circuit results in the production of high-order harmonicas (ninth 
and higher) of appreciable magnitude in the grid voltage.^ I^m|)hasis5ing 
of the higher harmonics by the inductance is to be cxpecited, since the 
inductive reactance is proportional to the frequency. 

McLean^s method of analysis consists of constructing a curve of 
grid current vs. electrical degrees of the excitation voltage for Hinusoidal 
excitation of frequency / and analyzing this curve for harmonics up to 
the 15th. The grid-current series, 

ig = sin 27rn/, 

derived in this manner, is then substituted in the ecpiation 

= ( 8 - 18 ) 

in which Sd is the distortion voltage, Vc is the effectives grid-edrevuit rc^siat- 
ance, and La is the total effective leakage inductance of t\m coupling 
transformer, referred to the secondary, u is approximately equal to 
nhp, where n is the secondary-to-primary turn ratio of the (Coupling 
transformer, and rp is the plate resistance of the driver [hois Et|. (7-56)|^ 
McLean’s work shows the importance of keeping the Ic^akagc^ reactane# 
of the driver output transformer as small as possible. Sinc(^ r,: - 

1 At small values of instantaneous alternating grid voltage the load on tlte drivcir 
is principally the primary reactance of the transformer, which tends to iniike this |»r| 
of the path of operation elliptical. Consequently the path of operation may eontaia 
a loop about the operating point. 

2 McLean, T., Proc. LR.E,, 24, 487 (1936). 
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it is evident that the plate resistance of the driver should be as low as 
possible and that a step-down transformation ratio should be used to 
reduce the effective grid-circuit resistance. High driver output voltage 
(measured across the primary of the transformer) is also advantageous, 
since, for a given grid swing of the output tubes, the required value of n 
varies directly with the driver output voltage, and therefore n varies 
inversely as the square of this voltage. For this reason it is desirable to 
operate the driver amplifier at as high direct plate voltage as possible. 

Some writers have contended that the effect of the varying grid 
resistance of Class B tubes can be reduced by shunting the secondary 
of the driver transformer with a resistance. McLean proved, however, 
that the effective grid-circuit impedance, and hence the distortion, is 
always increased by loading the transformer.'^ 

The use of inverse feedback in the driver stage instead of step-down 
transformation ratios to reduce the effective grid-circuit resistance 
has been suggested." As pointed out on page 207, the terminal imped¬ 
ance of certain inverse-feedback circuits is reduced by negative feedback 
in the ratio 1/(1 — A/3). The use of negative feedback has the advantage 
that inductance-capacitance coupling can be used in place of trans¬ 
former coupling, thus eliminating the objectionable effect of transformer 
leakage inductance. 

5. Because of secondary emission effects, the form of the grid-current 
characteristic! varies greatly in different tubes and with tube age. Second¬ 
ary emission tends to increase with tube age. For this reason it is 
often difficult to match tubes closely. If secondary emission is so great 
that the grid characteristic has a region of negative slope, there is danger 
that oscillation of the dynatron type may take place (Sec. 10-22). This 
difficulty may be prevented by shunting the grids with small rectifier 
tubes biased so that current starts to flow at the beginning of the nega¬ 
tive-resistance region." 

6. Distortion resulting from curvature of that portion of the dynamic 
transfer characteristic which is shared by both tubes may be high at 
small grid swings. At large grid swings the amplitudes of harmonics 
inti'oduced by tins curvature are small, and the order of the harmonics 
is high. Fortunately, the total distortion may bo kept within allowable 
limits. This typo of small-signal distortion can be controlled to some 
extent by tul>c design and is less in tubes that require grid bias than in 
zero-bias tuljes such as tlie 4(). This can be shown by comparison of the 
composite plate characteristics of the two types of tubes. As can be 

1 Sec iilst) L. K. lUirroN, Pw. I.R.E., 23, S57 (1935). 

"Baooalcy, W., If iVctes Eng., 10, 66 (1933); Macfadyen, K. A., Wireleaa Eng.. 
12, 642 (193,5). 

’ McLban, lop. cit. 
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seen from Fig. 8-7, the composite characteristics of zero-bias tubes are 
constructed by combining static plate characteristics of positive grid 
voltage with those of negative grid voltage. Because of differences of 
shape and spacing of the curves for positive and negative grid voltages, 



Fig. 8-25.—Composite plate characteristics of type 207 tubes at small values of grid swine 
Ebo — 13,500 voltsj Ec ~ —600 volts. 


the composite characteristics are not straight, parallel, or equidistant, 
and so the dynamic transfer characteristic is curved at small-signal 
voltages. If the tubes operate with appreciable negative bias, on the 
other hand, the composite characteristics that are intersected by the 
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Fig. 8-26.—Curves of per cent Hs 
and oi distortion factor for type 207 tubes 
in biased Class B operation. 


load line are constructed by combin¬ 
ing pairs of static characteristics, 
both of which are for negative grid 
voltages, and so the composite char¬ 
acteristics are more nearly straight, 
parallel, equidistant lines. Figure 
8-25 shows composite characteristics 
of the type 207 tube at an operating 
plate voltage of 13,500 volts and a 
negative bias of 600 volts. Figure 
8-26 shows percentage 11 ^ and dis¬ 
tortion-factor curves at small grid 
swings derived from Fig. 8-25. The 


. , -* WV* 4.x V/AAX JL' J,. 

maximum small-signal distortion is 3 per cent as compared with 6 per 
cent for the type 46 tube. 

8-10. Driver Transformer Design.— When a Class B amplifier 

IS designed on the basis of limited grid driving power, the design of the 
coupling transformer between the driver and output stages is con- 
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siderably more complicated than when the driver is essentially unloaded. 
The limited-grid-power design has been discussed in detail in a bulletin 
issued by RCA.^ When the driver is essentially unloaded, the ratio of 
transformation should be chosen so that grid overloading occurs sim¬ 
ultaneously in the driver and output stages (see Sec. 5-2). The voltage 
output of the driver should be high enough so that a step-down trans¬ 
former can be used. Leakage reactance should under all circumstances 
be kept as small as possible. At signal amplitudes that are so small 
that grid current does not flow in the output stage the secondary of the 
transformer is unloaded, and principles of Class A coupling transformer 
design apply (see Sec. G-ld). To ensure adequate response at low fre- 
ciuency, the primary inductance must be high. In a step-down trans¬ 
former this requiremcmt is not difficult to attain. 

8-11. Class AB2 Operation.—Tlie advantages of Class ABl operation 
of push-pull amplifiers were discussed in Chap. 7. Even greater power 
output without excessive nonlinear distortion can be obtained by Class 
AB2 operation. The advantages of Class B operation are, in fact, 
attained in part in Class AB2 operation without some of the Class B 
disadvantages. The power output and plate-circuit efficiency, although 
less than in Class B operation, are considerably higher than in Class A 
operation. Small-signal distortion is avoided because the tubes operate 
Class A at small-signal voltage. The greatly reduced grid driving power 
as compared witli tliat in Class B amplifievrs simplifies the design of the 
driver stage and results in small grid-circuit distortion. Grid driving 
power need not be taken into consideration in the determination of 
optimum load. 

Self-bias may be used in Class AB2 amplifiers, but the large increase 
of average plate (airrent causes the bias to increase with signal voltage 
and thus reduce the oiitimum power output, lliis is clearly shown by 
Fig. 8-27, in whicli tlic powca* output of two type 45 tubes in Class AB2 
push-pull o|)crat.ion is [ilotted against zero-signal grid bias, for fixed bias 
operation and for self-l)ias opcu'ation.^ Witli self-bias the power output 
at 5 per cemt distortion decreases with increase of zero-signal bias. It 
is therefore inadvisalile to use higher bias than necessary to keep the 
zero-signal dissipation within the allowable limit. The cathode resistor 
must be shuni;(Hl liy an ample by-pass condenser. Increase of average 
plate current witli signal amplitude necessitates the use of a B supply of 
low regulation in Class AB2 amplifiers. 

An example of tlie large output that can be obtained with small tubes 
and moderate plate voltage in Class AB2 operation is given by the 6L6 
beam power tube, which will deliver an output of 60 watts (two tubes) 

^ RCA Laboratory Series f/Ir-l. 

^ B.CA applicat^ion note 40. 
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with 65 per cent plate-circuit efficiency (61 per cent includinjsc Bcreen*- 
circuit losses), and 2 per cent total harmonic, at a plate voltage of 400 amci 
an average grid driving power of 0.35 watt. In Class ABl operj^ition th© 
output is 32 watts at approximately 63 per cent efficiency (58 per cent 
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Fig. 8-27.—Power output of two typo 45 tubes in push-pull oporution as a function of grii 

bias. 


including screen power, 54 per cent including sci'cen and biasiiij; power, 
and 45 per cent including also cathode heating power). 

8-12. Negative-feedback Class B and Class AB Anaplifiers.—^Th® 
distortion in Class B and Class AB amplifiers can bo greatly redricod by 
the use of inverse feedback. A typical Class B amplifier employing 
negative feedback is shown in Fig. 8-28.’' Figure 8-2!) shows the great 
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Fig. 8-28.—Class B amplifier with inverse feedliiuik. 


reduction in harmonic content that results from the use of negtiti vc fetui- 
back in a Glass B amplifier. 

8-13. Class C Amplification.^—An analysis of the theory and di*sign 
of Class C amplifiers is beyond the scope of this book. The plat c^-<‘ireuit 

^ Day, J. H., and Bussell, J. B., Electronics^ April, 1937, p, 10. 

2 See Supplementary Bibliography. 
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efficiency of Class C amplifiers is higher than that of Class B amplifiers) 
measured efficiency of 85 per cent may be attained in practice. Because 
plate current flows during only a portion of the cycle, this type of amplp 



V\/c?iffs Output 

Fig. 8-29.~™*Amplitiidc distortion curves for the amplifier of Fig. 8-28, with and without 

feedback. 

fier is employed only in radio-frequency amplification, where sharply 
tuned resonant circuits may be used to suppress harmonics. 

Problems 

8-1. a. Construct ciurveB similar to those of Figs. 8-8 to 8-12 for typo 53 tubes in 
zero-bias Class B o|)eration. From tlujso (uirvt^s d(‘tormiiie the optimum plate-to- 
plate load resistance, assuming no limitation on grid driving power. 

5. From the L-ec characteristic corresponding; to tlie load found in (a), determine 
the fundamental (‘.omponent of grid (uirreut by gni-phie.al aimlysis, and from it find the 
:average grid driving i)ower reciuinul to deliver tlio full power output. 
c. Find the plate-eireuit efnciency at optimum output. 

8-2. Prove that it is imposBible to obtain an output of 40 watts in Class B ampli¬ 
fication from two tulies that hav(^ a rated plain dissipation of 5 watts each. 
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CHAPTER 9 

MODULATION AND DETECTION 


Ti'ansmission of intelligence through space by means of electromag¬ 
netic radiation cannot be acoomplished satisfactorily at audio frequencies. 
There are several reasons for this: (1) The radiation efficiency of antennas 
is very low at audio frequencies, and so the range is small (2) Efficient 
radiation and reception of electromagnetic waves re(|uire the use of 
antennas and circuits timed to the frequencies of the waves. The 
antennas required at audio frequcncieB would bo impractical becatise of 
their great lengths, and they would not respond equally well to all fre¬ 
quencies in the audio range. (3) If transmission were effecte<i at audio 
frequencies, all transmitters would operate over the same frequency range 
and so the programs of various transmitters would be heard simultane¬ 
ously at the receiver. These difficulties are avoided by radiating a 
radio-frequency wave, the amplitude, frequency, or phase of which is 
varied in accordance with the audio-frequency signals that it is desired 
to transmit. At the receiver, the variations of amplitude, frequency, 
or phase of the received wave are reconverted into a-f voltages. The 
processes of modulation and detection, whorel)y radio traiismission is 
made possible, afford two very important fields of application of vacuum 
tubes. 

9-1. Modulation.^—The process whereby some clmrac-tmistici, usually 
amplitude, frecpiency, or phase, of a sinusoidally changing voltages, cur¬ 
rent, or other cpiantity is varied in accordance with the time variations 
of another voltage, current, or otlier (|uantity, is called modtdatiofL The 
term carrier is applied to the quantity the €liarac.teristi(5 of whicli is 
varied, and the term nodulaiion (ngnal) to the cpiantity in ac5(a)r(lance 
with wdiich the variation is performed. The carrier frequency is tlie 
frequency of the unmodulated carrier. Usually the modulation fre¬ 
quency is considerably lower than tire carrier frequency. 

Since the sounds of tlie luirnan voice and of nuisi<*-al instruments 
involve a lai'ge number of frequcncieB produced simultaneously, tjie form 
of the modulating wave is rarely sinusoidal. To simplify theoretical 
analyses, however, the assumption is generally made tliat the modulation 
is sinusoidal. It is tlron necessary to investigate also the effects of the 
interaction of two or more components of a complex modulating wave in 
the modulation process and in the process of reproducing these compo¬ 
nents from the modulated wave. 
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It will be shown that both the process of modulation and that of 
recovering the original modulation frequencies, which is one form of a 
more general process called detection (Sec. 9-10), involve the generation 
of frequencies not present in the impressed excitation. The similarity 
of the processes of modulation and detection by vacuum tubes is particu¬ 
larly marked in the case of amplitude modulation. They differ mainly 
as to the frequencies impressed upon the circuit and the frequencies 
selected from the output by some form of filter. 

The production and detection of amplitude-modulated voltages is 
accomplished electronically by means of some form of rectifier, whicli is 
a device that gives unequal changes of current in response to changes of 
voltage of equal amplitude but opposite sign. Rectification is said to be 
complete if the change in current in response to a change of voltage of 
one sign is zero. Complete rectification may be obtained with a device 
that conducts in one direction only. Such a device is said to be a perfect 
rectifier. Partial rectification takes place either because of curvature of 
the current-voltage characteristic of the rectifier, or because of unequal 
resistances to flow of current in the two directions. Tlic higli-vacuum 
diode is an example of a device that may be used to obtain either complete 
or partial rectification. When rectification is accomplislied by means 
of curvature of the characteristic of a rectifier, the characteristic curve is 
usually continuous over the range of operation. Wlxen this is true, a 
series expansion of current in terms of voltage may be used in the tlieoreti- 
cal analysis of the modulator or detector. When the operating |)oint in 
at a point of singularity, however, as must be true with perfect rectifica¬ 
tion, or if the range of operation becomes so great that it incIudcB a 
singular point, then other methods of analysis must l)e emixloyed. For 
this reason it is convenient to consider separately modulation and detec¬ 
tion by characteristic curvature and by complete rectifica^tion. 

Rectification in which the average current of an electrode is changed 
by application of alternating voltage to that electrode is called simple 
rectification; rectification in which the average current of an (dectrode m 
changed by the application of alternating voltage to anothcu’ elecitrofie is 
called transrectification. 

9-2. Amplitude Modulation.—A quantity y varying sinusoidally with 
an amplitude A, an angular frequency co^^, and a j)lmse angle ^ may l>e 
represented by the equation 

2 / = A sin io)kt + (f) (9-1) 

Since the phase angle is constant in amplitude modulation and is 
determined by the instant in the carrier cycle at whic.h it is dcanded to 
start observing time, there is no important loss of generality in setting 
^ equal to zero. 
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Let the phase angle be zero and the amplitude be varied sinusoidally 
at modulation frequency between the limits 1 + M and 1 — Jlf, aKS 
indicated by the equation 

A K(l + M sin (9-2) 

in which K and M are constants and o3rn is less than cok. Equation (9-1) 
then becomes 

y = /v(l + M sin sin cokt (9-3) 

Equation (9-3) represents a wave the frequency of which is constant 
and the amplitude of which is varied at modulation f recpiency between the 
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limits 1 + M and 1 — M, as shown in Fig. 9-1 for several values of If. 
The coefficient If, which is called the modukdion factor or degree of 
modulation^ determines the extent to which tlie carrier is modulated. 
When M is zero, the (carrier is unmodulated and its amplitude remains 
constant, as shown by curve a of Fig. 9-1. Wlum M lies between zero 
and unity, the modulated wave is of the form of cuirve c of Fig. 9-1. 
When M is unity, the amplitude varies between zero and twice the 
unmodulated value, as shown by curve d of Fig. 9-1, and modulation is 
said to be complete. 
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It should be noted that there is no direct relation bet ween the ampli¬ 
tude of the envelope of the modulated wave c or d and the modulation- 
frequency wave h in accordance with which the modulation is performed. 
The degree of modulation associated with modulation excitation of given 
amplitude depends not only upon the amplitudes of the carricn* and modu¬ 
lation excitations, but also upon the characteristics of the dixuiit by 
means of which the carrier is modulated. In particular, the modulation 
factor is not necessarily unity when the carrier and modulation-c^xcitation 
voltages impressed upon a modulator are equal in amplituchu The 
wave form and frequency of the envelope are, however, tlie same as those 
of the modulation excitation applied to the modulator unless tlu^ modula¬ 
tor introduces distortion in the form of undesired frequen(‘.y components. 

In the simple case that has been discussed, in whicli the wave is 
assumed to be sinusoidally modulated, the modulation fa(*.tor is expial 
to the ratio of the difference between the maximum or minimum ampli¬ 
tude of the modulated wave and the amplitude of the unmodulated 
carrier wave to the amplitude of the unmodulated carricn* wave',. When 
the modulating wave is not sinusoidal, however, the maximum imu’ease 
and decrease of amplitude from the unmodulated value may not l)e equal, 
and a more general definition of modulation factor is neca^ssary. The 
modulation factor is defined as the maximum departure (ixxsitive or 
negative) of the envelope of the modulated wave from its iuim()dulat<Hl 
value, divided by its unmodulated value. The modulation factor times 
100 per cent is called the percentage modulation, Som(d,im(\s in tlic dis¬ 
cussion of an asymmetrically modulated wave it is nee.essaiy to dis¬ 
tinguish between the modulation factors corresponding to tlic minimum 
and the maximum amplitudes of the modulated wavers. Tluhse are (utllcHl 
the inward and outward modulation factors, resp(H‘.tively. 

9-3. Side Frequencies in Amplitude Modulation.— By trigonometrical 
expansion, Eq. (9-3) may be changed into the form 

2 / = Z sin - iJOf[cos {o3k + - cos (co/, — (0-4) 

Equation (9-4) shows that an amplitude-modulat(Hl wav(^ is made up of 
three components having frequencies equal to tlu^ carrier frtMpic'ncy, the 
carrier frequency plus the modulation freqiKuuy, aiul the carrier fre¬ 
quency minus the modulation frequency. The j)ro(*ess of amplitude 
modulation therefore involves the generation of sum and difTerence 
frequencies, called the upper dde frequency and the lower side fr(^q’uency^ 
respectively. When the carrier is modulated by a band of modulation 
frequencies, applied individually or simultaneously, the side frecpuMicies 
lie in bands, called the upper side hand and lower side band, Tlie fre¬ 
quency width of the side bands is the same as that of the modulation- 
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frequency band. It is important to note that the modulation frequency 
is not in itself present in the modulated wave. 

For reasons stated in the introduction to this chapter, carrier fre¬ 
quencies used in transmission by means of electromagnetic radiation 
lie in the radio-frequency range. It is entirely possible, however, to 
modulate an audio-frequency carrier by means of signals of lower audio 
frequency. This is done in carrier telephony over wires. ^ If telephone 
signals were transmitted only at their original audio frequencies, only 
one conversation could be tramsmitted at one time over a pair of wires. 
By modulating carrier frequencies with the voice freciuencies, however, a 
large number of conversations can be transmitted simultaneously. 
Suppose, for instance, that the range from 100 to 2500 cps is adequate 
for the transmission of intelligible speech. Then the modulation of 
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r'lo. 9-2.—Van tier Bijl modulator. 


carriers of 3000, OOOO, 9000, 12,000 cps, etc., will result in the production 
of upper side bands in the ranges 3100 to 5500, 6100 to 8500, 9100 to 
11,500, 12,1 GO to I4,5()() (tps, et<‘,. The carrier and lower-side-band 
components of the modulated waves (‘.an be removcHl by means of filtens. 
The uppcu* sid(', l)ands, togetluu* with the original voi(‘,e l)arid, can then be 
transmitt(Hi simultan(H)Usly without interfereiu‘.(\ This is known m 
single-sid(^ban(l transmission. At the re(‘,eiving end the frequencies in 
the various (4uinn(‘ls are separated by band-pass filters and reconverted 
to the original lOO- t.o 250()-<iycle range by a similar prcxa^ss. In modern 
carrier tel(^|)li()uy sysi;(vms carri(‘r frcKpiencics of 20 kc or higher are used. 

9-4. Amplitude Modulation by Curvature of Tube Characteristics,— 
Amplitudes modulation by nutans of vacuum tubes is based upon inter- 
mociulation r(*.sulting fi*oni (‘ither (uirvature of an electrode or transfer 
characteristic or from the cuitting oil of an electrode current. Although, 
J’or reasons that will 1x3 (3xi)laine(l, modulation l)y ciirvatiiro of tube char¬ 
acteristic's is now s(3l<I()in used, the theory is nevertheless of importance. 
Figure 9-2 sliows tlu3 drevuit diagram of the van der Bijl modulator, which 
makes use of cmrvature of tlie transfer characteristic. In this circuit 
the carrier and modulation freciiuuuucs are irni)ressed upon the grid 

'OoLPiTTs, K, IT., a,iul Bcackwell, O. B., J. Am, Inst, Elec. Eng.jAQ, 205 (1921). 
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circuit of a triode or multigrid tube and the modulated voltage is taken 
from a parallel-resonant plate circuit, tuned to the carrier frequency. 

A graphical explanation of the operation of the van der Bijl modulator 
can be given with the aid of a transfer diagram. Figure 9-3 shows tliat, 



Fig. Q-S. —Variation of amplitude of 
carrier-frequency plate current with grid 
bias. 


when only the carrier excitation is 
impressed upon the grid, the ampli¬ 
tude of the carrier-frequency jilate 
current is much greater for the 
smaller grid bias than for the 
larger bias Eo". If the bias is 
varied between these values, the 
amplitude of the carrier component 
of the plate current also varies. 
The bias is varied in effect at 
modulation frequency by choosing 
an intermediate value of l)ias E. 
and also applying the modulation 


excitation voltage, as shown in Fig. 9-4. The wave a of plate current 
may be separated into the components b and c of Fig. 9-4*. Curve h may 
be further resolved into a steady component, a modulation-frequoncy 
component, and modulation-harmonic components; curve c into a 
varying-amplitude carrier-frequency component (carrier plu.s sici(>- 



Fig. 9-4.—Amplitude modulation by curvature of the traiwfor oliiir!ictiTi.stir. Wftvra (h) 
and (c) are two components into which the wave (a) of plate mu-rent may bo roHolvod. 

frequency components) and carrier-harmonic components. Since the 
plate load is tuned to the carrier frequency, the impedance of the plate 
circuit IS high at the carrier frequency and at the side frequencies, which 
do not differ greatly from the carrier frequency (inasmuch as the modu- 
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lation frequency is normally much lower than the carrier frequency), but 
negligible at the other frequencies contained in the plate cuiicnt. 
The voltage appearing across the load is therefore of the form of the 
varying-amplitude carrier component of curve c of Fig. 9-4, f.e., the 
desired modulated wave. 

A more rigorous analysis of modulation by characteristic curvature 
may be made by means of the series expansion for alternating plate 
current. The alternating plate cun-ent, as given by the first two terms 
of the series expansion, is 

V = iirtp- -f (9-6) 

where 

c = c„ -+- -- (3-42) 

M 

If the excitation voltage e contains two (Himiiommts Th sin ml and A’l 

sin binij 

e = E*z Hiu ooicl -f- El mi oimt (9-(>) 

and the alternating |)lat(^ (‘nrr<‘iit is 

ip = mi cait + {ai)n,Ei sin oi,nt 

+ '^(hz(E<z sin o)kt> + El sin (9-7) 

Expansion of Eep (9-7) sliows tiiat the alteiauiting |)late current contains 
components whose frecpiencies are the carrier frcMpietn^yj twicu) the carrier 
frequency, the modulation fr(>(iuen(‘.y, twi(u^ the modulation frequency, 
and the upper and lower side* fr<'(piencic>s, as well as steady components. 
As pointed out in the last paragraph, situ'.e the impedan(‘.e of the load 
is high only at tlu^ (‘arricu* and side frcMpKmcicis, only tliese frequencies 
have apprccuable amplitudes in the output. The output voltage is 
therefore equal to tlie sum of the products of the carrier and side-fre¬ 
quency currents by the corresponding values of the load impedance 
at these frequencies. 

Bo = ai{Zh)kEz sin eckt — {(h)kim{^b)k^mEiE>z cos (oik + Wm)/ 

+ COS (m ( 9 - 8 ) 

If the resonam^e^ (cirvc of t.lic [)lat.e load is Hymnud-rical and tlu^ cinuiit is 

^ The tuning of tlie resonani circuit inunt he l)road enough ho that tlu^ circuit 
Cun respond to the aide frtMiueneieH, That th<* timing ahoiild not l>c too aharp also 
follows from the fact that high acslectivity m an indiisation of low damping. If the 
damping is too low, the ami)litud<s of oseilhition fd tlie rcHonani circuit docs not 
decrease in response to modulation-frequency changes of alternating plate current 
amplitude, and so tlie tuned circuit will tend to oscillate at constant amplitude. 
Hence the output voltage will be a constant-ainplitiide carrier-frequency voltage, 
instead of the desired amplitude-modulated voltage. 
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accurately tuned to the carrier frequency, the load impedance is the same 
at the two side frequencies and the coefficients (a 2 ) and (a^) are equal 
and may be replaced by the symbol as. Equation (9-8) is then identical 
with Eq. (9-4) if the following substitutions are made in Eq. (9-4): 

K = ai(zn)icEz ( 9 , 9 ) 

and 

« - (S-'O) 

This proves that the output voltage is an amplitude-modulated wave. 

Because Eq. (9-5) may be used to express the alternating plate current 
of a diode or a multigrid tube, as well as that of a triode, it follows that 
any type of vacuum tube may be used for this type of modulation. The 
two excitation voltages may be impressed upon the same elec-trode circxdt, 
or upon the circuits of any two electrodes. Since c = c„ -f v,,/ix in Eq. 
(9-5), lower excitation voltages are required when tliey are impressed 
upon the control-grid circuit of a triode or multigrid tul)c than when 
they are impressed upon the plate circuit of a diode. Bec-ause the pro¬ 
duction of side frequencies in this type of modulation is associated with 
the second-order term of the series expansion, it is referred to as parabolic, 
or square-law, modulation. 

It can be seen from Eq. (9-10) that the modulation factor in this type 
of modulation is proportional to the amplitude of the modulation voltage 
and to the ratio <X 2 /ai, but is independent of the amplitude of the carrier 
excitation. The amplitude of the side frequencies is proportional to both 
the carrier excitation amplitude and the modulation (ixcitation amplitude 
and to aa. Equations (3-67) and (3-(50) show that, when n is constant 
or nearly constant, a 2 and a^/ai increase wdth Sr„/ac/,, and thus indicate 
that it is desirable, in square-law modulation, to operatti at a point on the 
plate characteristic where the curvature is high. A grid bias that is equal 
to approximately one-half the cutoff value is gcmerally us<h1. 

Terms of higher order than the second, neghK'ted in the foregoing 
analysis, give rise to components of plate current of other freciuenciea. 
The third-order term, for instance, is associated with flu> gemeration of 
frequencies equal to three times the carrier fretpumey, three times the 
modulation frequency, and twice either the carrier or the modulation 
frequency plus or minus the other frequency. If the mochdation excita¬ 
tion voltage contains more than one frequency, the plate current will also 
contain intermodulation components having freqmmcies involving the 
sums and differences of the various modulation freriuencies, the carrier 
frequency, and their multiples. The objectionable intermodulation 
components are those whose frequencies lie within the side bands and 
are therefore not suppressed by the tuned plate circuit. These fre- 
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qiiencies give rise to distortion components that are superimposed upon 
the modulation frequencies when the modulation frequencies are again 
derived from the modulated wave by detection. Their presence is also 
evidenced by departure of the envelope of the modulated wave from 
the form of the impressed modulation excitation voltage. They are 
associated with the third- and higher-order terms of the plate-current 
series, and the ratio of their amplitudes to those of the desired side- 
frequency components is proportional to the (n —• 2) power of the ampli¬ 
tudes of the modulation-excitation components that give rise to them, 
where n is the order of the term in the series with which they are 
associated. Distortion therefore increases with the amplitude of the 
modulation excitation, and hence also with the modulation factor, and 
may become objectionable at high values of modulation factor. 

9-6. Balanced Modulator.—Either the carrier or the modulation 
frequency, as well as many of the intermodulation frequencies, may be 
prevented from appearing in the output by the use of the balanced 
modulator shown in Fig. 9-5. One exci¬ 
tation voltage Cl is ap[)lied to the circuit 
in such a manner tliat it causes both 
grids to swing in tlie same direction, 
whereas the other voltage is applied 
so that it causes the grids to swing in 
opposite dirc(d:ions. If tlie grid excita¬ 
tion voltage of tube T is ci -4- tlieii 

that of tul)C 7"' is cq — Under the a.ssum|)tion tliat tlu^. two tubes are 
identical and thc^ (ircuit symmetrical, tlie i)hite currents of the two 
tubes arc^ 



^'duf put Bo 


9-5."*” II III Jin (^od modulatoi*. 


1., — -f- <'2) ■+■ WaO’i + ^'2)^ + + (‘ 2 )^ + ■ ■ • (9-11) 

1., ' = ai(ci — (’ 2 ) + a-iie-i — <!a)- + ~ + • • • (9-12) 

Because the two plate curn^nts flow through the two halves of the 

primary of the output tratisfonner in opposite diree.tions, the voltage 
across the secondary is })roi)ortu>nal to the diflnrenee lictween ip and i,,'. 


c„ = A(i], — ip) — 2yl[aiC3 + 2aaCif'2 -f- «3(3cr'*C2 + (■•A) + 

4- 4ciC 2'‘) + rt6(r)t'iV2 -t- l()ci®c.y* <••/) +••■•] (9-13) 

where A is a constant of projtortionality. Siiuio an and are small in 
comparison with ai and and since the ratios of the third- and higher- 
order terms to thci first and second decrease with dc'.crease of modulation 
factor, the third- and lugluir-order terms may be neglected at small 
modulation factor. Bcpiation (9-13) then simplifhis to 


Co = 2A(aiC2 + 2a2G3ei) 


( 9 - 14 ) 
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If = Ex sin CO J and = E, sin mi, Eq. (9-14) becomes, for resistance 
load, 

Cq = ^A.ciiE 2 ^1 ^ ^ (9-15) 

which is of the form of Eq. (9-3). For certain applications it is advan¬ 
tageous to use the balanced modulator in such a inaniici that the canier 
is eliminated from the output. This cari be done by nuiking ci the 
carrier excitation and 62 the modulation excitation. 1 he output then 

contains the modulation f rc(iuene,y and the 
side frequencies. At large values of modu¬ 
lation factor the second- and higher-order 
terms in Eq. (9-13) may not be negligible, 
indicating the production of undesired 
intermodulation freeplen(des. lliese are 
fewer in number than when a single tube 
is used. 

Tig. 9-6. Balanced modulator. Figure 9-6 showB another form of the 
balanced modulator circuit whose action is similar to that of t lie circuit 
of Fig. 9-5. An analysis like that given for the first circuit shows that 
the output voltage is 

Bo = 2A[a2(ei + ^ 2 )^ + <^ 4(^1 + ^’ 2 )'^ + . - • ] (9-16) 

If only the first term is considered and = Ei sin o)mt and — if 2 sin ajil 
are substituted in Eq. (9-16), Eq. (9-16) becomes 

Bo — 2 Aa 2 [EiE 2 cos (co^ — — E 1 E 2 cos {o)k + o)m)t 

+ + \E 2 ^ - ^Ei^ cos 2o,J, - <H)s 2mf] (947) 



The output of this circuit therefore contains neitlier t In* carritu* nor t|i 
signal frequency but does contain the 
side frequencies. 

Balanced modulator circuits have 
numerous applications and will be re¬ 
ferred to in later chapters. 

9-6. Amplitude Modulation by Com- 
plete Rectification. —Because the degree 
of modulation attainable in square-law 9-7,- l)i(Kle luotiuhitor 
modulation without excessive distortion is small and liecausc^ tlie power 
efficiency is low, modulation by means of vacuum tulxss is now accom-' 
plished almost entirely by making use of the unilatm-al comhictivity of 
electron tubes, rather than of curvature of tul^e chariict.(^ristic;s. Figure 
9-7 shows a simple diode circuit that can be used to prodiKH’; a modulateci 
voltage. The parallel resonant circuit is tuned to tlie carrier frcuiueney. 
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The action of the circuit of Fig. 9-7 can be explained with the aid of 
the dynamic tube characteristic. Since the tube is a perfect conductor, 
i.e., since current flows in one direc¬ 
tion only, plate current flows only 
during portions of the cycle in which 
the plate is positive, and so the 
plate current consists, in general, of 
pulses. The naanner in which the 
plate current varies with time when a 
carrier-fretpiency excitation voltage 
is applied to the circuit is shown in 
Fig. 9-8 for several values of fixed 
plate bia.sing voltage JEb- Because 
the current pulses occur at carrier- 
frequency intervals, the plate current 
contains a carrier-frequency com¬ 
ponent, the amplitude of which in¬ 
creases as the bias is changed in a 
positive direction between values 
equal to minus and plus the crest 
excitation voltage. If the bias is replaced or supplemented by a 
modulation-frequency alternating voltage, the amplitude of the carrier 
component of plate current varies at modulation frequency. This is 



Fio. 9-9. -Amplituflc inodulat.ioii liy coinploto rootiftcatioii. Wiivca (?») and (c) aru two 
into wliiidi t.lio wave («) of pinto ourront may bo resolved. 

accomplished by impressing the modulation excitation, in series with the 
carrier excitation and optional bias, as in Fig. 9-7. The forms of the 
total excitation voltagts and of the resulting plate current when the fixed 
bias is zero are shown in Fig. 9-9. The wave a of plate current may be 



Ficj. 9-8.“--Yariatioii of muplitudo 
of alternating plate current with bias in 
a diode modulator circuit having carrier 
excitation only. 
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separated into the components shown by curves h and c of Fig. 9-9. 
Curve 6 may be further resolved into a steady component and com¬ 
ponents whose frequencies are the modulation fre(iu(m(\y and ite 
harmonics. Curve c may be resolved into a varying-anii)litude e-arrier- 

frequency component and (‘.arrier-harmonie 
components. Since tlie resonant circaiit is 
tuned to the carrier fre(pien(\Vy its impedance 
is high only at the carrier and side fre¬ 
quencies, and so only tlie niodulated-carrier 
component of plate current produces appre¬ 
ciable output voltage. 

The action of the diode modidator can 
be explained also with the aid of a modiila- 
tion characteristicj whi(*h is a ciir\'e of ampli¬ 
tude of carrier-frequency out.i)ut voltage m 
a function of direct voltage Eh at constant 
amplitude of carrier exentation A theo¬ 
retical analysis indicates tliat if tlie tube 
characteristic were linear down to iaero cur* 
rent and the load were a |)ure resistanee, 
component of output voltage 14 resulting from 
E% would vary with J4 in the 
curve of Fig. 9-10 (see Sec. A-3 
obtained l')y means of the 



Eb,/ 


Fig. 9-10.—Ideal linear diode 
modulation characteristic and 
(dotted) typical experimentally 
determined characteristics. 


the fundamental 
carrier excitation 
manner indicated 
of the Appendix). 


of amplitude 
by the solid 
Experimental curves, 


Ampltfude of carrier-- 
/ frequency ouf'puf voliage 



Modulated oufpul volioge 
Fig. 9-11.—Essentially undistortod linear diode mothilalion. 


circuit of Fig. 9-8, differ from this theoretical curve because of 
curvature of the diode characteristic and because^ the load is not a 
resistance. When the L/rC ratio of the tuned (urennt is liigh, the curvi 
flattens off at a positive value of Ei that is CQnsideraJ'>ly less than 





Sec. 9-6J 


MODULATION AND DETECTION 


295 


as shown by the dotted curves of Fig. 9-10. In the circuit of Fig. 9-8, 
the filtering action oi the resonant circuit suppresses all but the funda¬ 
mental carrier frequency from the output voltage. Figure 9-11 shows 
the manner in which the amplitude ^ 

of the carrier-frequency output volt- 

age varies when E, is varied periodi- / Amplitude of carrier 

cally over an essentially linear range / frequency ouipuf 

of the modulation characteristic in 

accordance with a wave of modula- / \ /V 

tion excitation voltage. It can be ~j- —- - ^ - A '' ^ j 

seen that the wave of output voltage III 
amplitude, which is the envelope of j Jv ||v 

the modulated wave, lias the same I J I |fl| ^ i\\^ 
shape as the modulation excitation | C 1 il^i Ipl^ 

voltage. The modulated wave of cCL 


Fig. 9-11 is imdistorted and contains / 


’Modufafhn 


1 ,1 1 • 1 • 1*1 i''tuaui<jnon Modulaied oufpul 

only the desired earner and side ^xcffoHon voltage 

frequencies. When the range in id.,, o ^/r i i *.• v. 

which hih vanes is not confined to «ult,iuK from high negutivo bias in a diode 

the linear portion of tlic modula- 

tion characteriKtic, the wave form of the modulation envelope differs from 
that of the modulation excitation voltage and the output contains 
undesired intermodulation freciucncies tlnit will cause distortion when 
the modulation freciueneies are derived from the modulated voltage wave 




Modulofed oufpui voltage ^ 

Fig. 9-13.—Modulation diHiortioii rihsaliing from oficmsive uiodulution oxoitatiori voltago. 

by dete.ction. Figun* 9-12 shown manmu’ in wliich iricorrect choice 
of biasing voltages Eho results in distortion of the inodulatcKl wave, and 
^J-13 sliows how the modulait^d wave is distorted by excessive 
amplitude of modulation (‘xcit^ation voltage. 
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Because the amplitude of the carrier-frequency output voltage can 
be made to vary essentially linearly with instantaneous modulation 
excitation voltage when the modulator circuit is properly designed and 
operated, modulation by complete rectification is called linear modulation. 
The close approach to linearity that can be achieved in practical circuits, 
and the resulting freedom from excessive distortion make linear modula¬ 
tion far superior to square-law modulation. 

9-7. Linear Plate and Grid Modulation. —Although the simple 
diode modulator circuit of Fig. 9-7 is useful in studying and demon¬ 
strating the principle of linear modulation (see Prob. 9-10), it is not used 
in practice, since triode or multigrid-tube circuits require lower excitation 
voltages and have higher efficiency. Generally the caiTier excitation 
is applied to the control grid of a triode or tetrode and tlie modulation 



Fig. 9-14.—Graphical explanation of linear plate niodulalion. 


excitation to the plate. Complete rectification pla<(*.c^ liecuiUBe of 

plate-current cutoff. This type of modulation is (‘.ailed linear plai$ 
modulation {plate-voltage modulation). The circuit of tlu^ limair pliito 
modulator is similar to that of Fig. 9-2, but the modulation input traiii- 
former is in the plate circuit, instead of in the grid circuiit. A graphical 
explanation of the operation of the circuit may lie given with thc^ aid of 
Fig. 9-14. E-bo and are the operating plate voltages and grid Mis. 
Curve a shows the form of the plate-current pulses iirodutHHl wiien tti© 
carrier excitation voltage E 2 sin is impressed upon t.!u‘ grid (drciiil* 
Curves h and c show the plate-current pulses for tlu^ higher direcdi plate 
voltage Eb and for the lower direct plate voltages A7/', nhspcadively. 
When the plate voltage is varied periodically betwccui t.luise limits by 
means of the modulation excitation voltage Ex sin the |)late current 
varies in the manner indicated by curve d. d1ie timed plate cireuil 
converts the carrier and side-frequency components of |)late current 
into output voltage, giving the modulated output voltages wave e. T\io 
modulation characteristic is similar in shape to that of the dioch^ linear 
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modulator, being nearly linear over a wide range of direct voltage. 
When the grid is biased somewhat beyond cutoff, the opei'ation is essen¬ 
tially linear, and so very little distortion results even at 100 per cent 
modulation. Less power need be furnished by the source of carrier 
excitation than in a diode circuit, and the amplification produced by the 
tube reduces the required carrier excitation amplitude below that required 
with a diode. 

In linear plate modulation the source of modulation voltage must 
furnish a large part of the power supplied to the plate circuit. The 
power that must be supplied by the source of modulation voltage is 




- 0+ Tfme 

^ Unmoofufa -feof carrier 
ercfiaiion vo/iage 


'•Carrier p/us signal 
exciraHon volfage 


^Signal exciiaiion voliage 

Fig. 9-16,—^Linear grid modulation. A parallel reMOiuuit (urcuit converts tlie carrier and 
side-frequency components of plate <5urrent into output voltage. 


less in linear grid modulation (grid-bias modulation) in which the modula¬ 
tion voltage, as well as the carrier voltage, is applied to the grid circuit.^ 
Linear grid modulation has the additional advantage of requiring much 
lower modulation excitation voltage, but gives somewhat higher dis¬ 
tortion and is less eflSlcient. Linear grid modulation is illustrated 
graphically in Fig. 9-15. As in other modulation circuits, the tuned 
plate load converts the carrier and side-frexiuenc-y cjomponents of plates 
current into C)ut|)ut voltage. 

In proi;)crly designed circuits distortion as low as 2 per cent may be 
attained at 100 per cent modulation in linear plate modulation and as 
low as 5 per cent in linear grid modulation. The distortion e.axi be 
reduced below these valuers by the use of inverse feodlxaek. 

Several modifications of tlie basic linear modulation circuits have 
been developed in order to increase the efficiency or to reduce tlie recpiired 
modulation-frequency exciting voltage. The modulation excitation 

1 Kishpaugh, a. W., and ('dram, E. E., Froc. LEiBL^ 21, 212 (1930). 
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may, for instance, be applied in wilJi ihv of a trioilt% it 

may be applied simultaneously to a-mi of n tolrodo or uf 

abeam pentode, or it may be apfdied to the su{>f'>rt*ssur cif rt 

Equation (9-4) shows that the carrier-frcMcueucy eoiupoiierit of iiit 
amplitude-modulated wave is indt^ixanhsit of tin* of lundiilnfiitri* 

The continuous radiation of emuxv a.ss(H'iat^(‘d with llte carrier ctiiW' 
ponent of the wave limits the (dficicuuy lluii may ia* attiihual in n tnias.- 
mitter. Several systems of amplit\ule modulaJioo that give higher 
efhciency have been proposed.'^ As will sliown in n lalr^r Sfaiiofi, 
higher efficiency is also attained in frcMpuuu^ miKliilrit iom 

9-8. Graphical Modulation Analysis, din* tln*ori4ic*Ml |M»rfiiriiiiiiir# 
of modulators may be determined graphically by tfie following 

L By applying Eq. (4-30) to the plate or transfer diagram of flic tiilKs or hf 
a more accurate grapliic.al method, determine the fuialamcmtal earrii*r*frcf|ticiiry 
component of plate current or out|')ut voltage* for tia* given vmrlvr cxcitiitloii 
voltage and various values of dire(ti voltage applied to i\w cloelrodc to wliirli Ui« 
modulation excitation is to be applied. Using tliesc^ va'hies, plot, tiii? ini'ifttilitliciit 
characteristic (fundamental component of i)liito currtmt or output' volliige m*. 
direct voltage). 

2. Treating this modulation cliaracteristic just m fin oniiiiiiry ilyiiiiiiiic 
transfer characteristic, determine the fundamental imd Imriiionic ciuiiiwniwil# 
of the modulation envelope, or the distortion factor, by ap|4iciitioii of 
(4-30), or (4-31) or Table 4-L If preferred, tln^ inodtilnfifui cnvt4o|X' iti»y 
be derived by graphical construction as in Figs, 9-11 t,o Tims, if tlm 

of Fig. 9-16 represents the variation of fundamental currier output voltage with 
direct grid voltage for the given carrier excitation, tlicn F,,*.* ni-tl »» |li# 
maximum and minimum amplitudes of the modulatcrl miiinii volliigc for ttic iiri4 
bias and wave of signal voltage shown, find F*, is the fimplit ude of flic uiiiiif 
carrier.^ Substituting and in Kep (447) UiiMfeinI of bu4 

hnin) will give tlio percentage second liarmonic of the sigind in the iiifKliiintei 
wave. Curve h, constructed by ifrojcfdhig from etirvct ti to flic tniidtilftlinii 
characteristic at various instants in the cycle, rcproHinfis flic ttp|>cr half of III# 
envelope of the moduhtted wave. 


It is evident that, if thcdlutn‘-]>olrit<‘(|UfitiofiK(4-2!l) mid i l-37| 
in the second step, it is unru'ccHsary to plot the nmdiilfition ctianiiicri^fliv 
Only the three values and m‘cd Im bmiHL inrltp^ 

used to derive the modulfition clmnictfuintif’ slmtild he of mthf 

of acciuacy tlian tliat uscal to dcitmunim* tin* disforlion from the liKtiliilii** 


1 Cmmm, (I B., Bdl Lah. Bmmi, 17, 41 (Hmu 

KhuEEix, H., Proc. IJUl, 28, 1370 (19351; Ihmmtw XW. tl., Prm\ i HJI, 
1163 (1936); Domk, R. B., Pme, 26, 903 U93Hf; fUi lo ii\ L lo* 

hR.E., 26, 983 (1938); Rodeh, IL, iVoc. LIUL, 27, 380 / lOBiO; V\\« r, L \\\, iHw. 
LR.E,, 27, 506 (1939). " ' * 

® Petehson, B,, and LnEwntLYN, F. B., Froc. IS, 38 CI9»ilh 



Sbo. 9-9] 


MODULATION AND DETECTION 


299 


tiott characteristic. In using the three-point equation to find the per¬ 
centage second harmonic of the signal, therefore, Fn*,, and 

should be evaluated by the five-point equations (4-30) or (4-31) or the 
seven-point equations of Table 4-1. 

A similar three-point method may be used in determining the dis¬ 
tortion of a modulated signal by an amplifier. ^ In this case the modula¬ 
tion characteristic of the amplifier is a curve of fundamental carrier 
output vs. amplitude of unmodulated carrier excitation at the given 
operating voltages. 

9-9. Secrecy Systems (Speech Scramblers). “—The u.se of radio 
as a means of transmitting private conversation has necessitated the 



Fig. 9-16. —Use of tho mocUilatiou <9uira<^t.('!riis(:.i(; iu the gra})hicjil dotciiTriinaiion of inoihila- 

tion {llstortiou. 

development of methcxlB of making tranHinitt.iMl h|)(xh‘.1i imintfdligible 
when received with an ordinary radio receivevr. "riie Ixilancsed modulator 
affords one ni(d.hod of acxxiiniilishing this n^sult. In Fig. 9-S let ei 
be the voice input and Gi lie a 3l()0-t*.y<dti carrifvr volt.age. Tlie output 
will contain the carrier and the side fretpununes, as well as lugher-order 
intermodulation fr(x|uencies. The (uirrier, tlie upi)er side fretiuencies, 
and most of the lugher-ordtu* fre(pienci('.H (*.an he nunovcKl from the output 
by a low-pass filter that (uits off slightly below 3100 eps. The lower 
side band represents a liand of frequencies that is inverted with respect 
to the input signal band. The application of voice frequencies ranging 

iFkrkis, W. li., Froc, LliJL, 23, 510 (1035). 

2FAYAEI), G., BulL mi,Smn<;. Mfc., 9, 1140 (1929); XO, S2g (1930); Kiwieai, T., 
and SAKAMoax), T., Radio Hvmirrh {Japan) Repti 2 , 175 (1932) (in English); Matsu- 
YAKi, T., Radio R(m'arch (Japan) RapL^ 2, 187 (1932); Niwa, Y. and IIayahiu, T., 
Radio Research (Japan) RepL^ 2, 195 (1932); Guiba, S., Radio RsBcarch (Japan) Eept,^ 
3, 267 (1933); Villem, 11., IJOnde Uec,, 11, 427 (1932); Gum, A. J., F<mi Office Elec. 
Eng. 26, 224 (1933); EUuirkmi^ 110, 801 (1933); lioiiUETB, W. W'., Elmlmnim^ 
October, 1943, p. 108. 
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from 100 up to 3000 cps produces output frequencies ranging from 
3000 cps down to 100 cps, the high frequencies being converted into 
low and the low into high. Thus, a 100-cycle input voltage gives a 
3000-cycle output voltage, whereas a 3000-cycle input voltage gives a 
100-cycle output voltage. A 1550-cycle signal passes through without 
change of frequency. This frequency transposition converts normal 
speech into unintelligible gibberish, which can be reconverted into 
intelligible sounds by a similar frequency transposition at the receiving 
end. To correct for differences between the two tubes of the balanced 
modulator, resistance and capacitance balances must be employed in the 
modulator plate circuit, as shown in Fig. 9-17. For satisfactory results 
it is usually necessary to provide adjustment of the amplitude of the 
3100-cycle carrier input to the modulator. 




3000'^- 

Low- 

r 

. pass 
fi/fer 




Scrambled/ 

ou/puf 


Tand T'-56, 55 or 6N7 

Fig. 9-17.—Simple circuit for frequency inversion (speocli scrambler). 


By using a higher value of carrier frequency, the signal band can be 
simultaneously shifted and inverted. The difficulty of unscrambling’^ 
can be increased by breaking up the voice input into a number of small 
bands and inverting and shifting each of these. More complicated 
circuits are used in practical secrecy systems for radio telephony. 

9-10. Detection of A-m Waves.—The process whereby the modula¬ 
tion frequency is derived from a modulated wave is a special case of a 
more general process called detection. Detection may be defined broadly 
as the process whereby the application of a voltage of a given frequency or 
frequencies to a circuit containing an asymmetrically conducting device 
produces currents of certain desired frequencies or desired changes in 
average current. The detection of a modulated wave to produce the 
modulation frequency is often termed demodulation in the United States.^ 
Other examples of detection are the production of a difference or led 
frequency by the simultaneous application of two frequencies to a 
detector, and the production of a steady voltage or current by the applica¬ 
tion of an alternating voltage. According to the broad definition just 
given, modulation may, in fact, be considered to be a special form of 

1 “Standards on Radio Receivers/^ p. 5, Institute of Radio Engineers, New York, 
1938. 
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detection. As already pointed out, the processes involved in anjplitude 
modulation are similar to those involved in detection of amplitude- 
modulated waves. Detection of amplitude-modulated voltages, like 
their production, may be accomplished either as the result of curvature 
of vacuum-tube characteristics or as the result of complete rectification. 

9-11. Detection by Curvature of Current-voltage Characteristic.— 
If a wave of alternating voltage is applied to the grid or plate circuit 



.Fio. 9-18.—DotAjciiou of an a-ni wave by curvature of a triode transfer charactoristio. 

of a diode or triode, togcd.her with |)r()pcr operating voltages to bring 
the operating point to a point of the characteristic where the curvature 
is liigh, the wave of plate current is asymmetrical, as shown by the 
transfer diagrarns of Figs, 3-19, 3-21, and 9-18, If the input wave is 
sinusoidal, the f)late current contains a steady component, the applied 
frequenevy, and its harmonics. If the excitation voltage contains two 
or more fre(iuenc,i(‘s, the plate current contains components having 
these frcMiiiemhcH, thcrir liarmonics, and the sums and differences of the 
impressed fro{pienci(\s and their integral multiples, and a steady com¬ 
ponent. This |)roeess of fre(|uen(;y generation, which is identical with 
that of the production of a modulated wave by curvature of the char- 
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acteristic, has already beea discussed in Secs. 3-23 and 9-4. Idle produc¬ 
tion of a difference-frequency voltage by the simultuneous application 
of two voltages of different frequencies to a detector is of value iu hetero¬ 
dyne radio receivers (see Sec. 9-25) and heterodyne (btsat-frequeney) 
oscillators (see Sec. 10-52). 

Figure 9-18 shows the form of the asymmetrical wave of plate (uirrent 
for unmodulated carrier excitation and for excntation (a)n.si.sting of an 
amplitude-modulated voltage. The wave may be analyzed into a 
number of components, including that indicated by the dott.ed liiuq 
which shows the average current in each carrier-freiiuetKiy (^ycle. For 
modulated excitation the dotted curve is seen to contain a steatly com¬ 
ponent and an alternating component having the same fre<iuency as th« 
envelope of the impressed modulated voltage, i.e., modulation frequency. 
The plate load impedance serves to convert tluj com|)onent of plate 
current of desired frequency, the modulation fi-tupiency, into output 
voltage and to suppress the carrier-frcqiumcy c.omponentH. This is 
accomplished by using for the load the parallel eomlnnation of a high 
resistance and a condenser whose reactance is negligil)lc at carrier fits- 
quency but high at modulation frequency. 

9-12. Analysis of Square-law Detection.—The pr<)(!es.H of tletectioti 
by means of curvature of vacuum-tube charactcn-isbc.s cun he analyssed 
rigorously by use of the series expansion for alternating jdate cnirretit. 
At small values of excitation voltage the plate eurremt may be e.xpresaetl 
approximately by the first two terms of the scries. 


aie -|- a‘ie- 




If the exciting voltage is amplitude-modulated, 

e = Ei{l -f M sin uj) sin ud = E/, sin ad 

— iMEkicoa {aic + w„)< — co.s (u* — ( 9 - 19 ) 

If Eq. (9-19) is substituted in Eq. (9-18), the finst t(vrm of Kep (fl-lB) 
gives rise to carrier and side-frequency components. Tlu; ,s<'eoud t«Tm 
gives rise to three steady components, three comj)oiuuit.s of fr(HiUf*JU*y 
double those of the carrier and side frequeneie.s, and .si.x {^omporuuilH ijf 
frequencies equal to the sums and differences of the (mrrier arul Hi«le 
frequencies, taken in pairs. If the impedance of the iilate load i.s i»*gligi- 
ble at carrier and higher frequencies but high tliroughoui the rangt* of 
modulation frequency, the voltage developed mn'OKs the load will con- 
tein only those frequencies which lie in the modulation-fnaiucnev range, 
ihe upper side frequency minus the carrier freciiu'iKiy and the carrier 
Irequency minus the lower side frequency are bot h (>qual to the modula- 
lon requency, t e difference between the two side frequencies is eqiwl 
to twice the modulation frequency. The voltage acro,s.s tlie load is 
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fio i{a2)os+m)-k(Zb)mEi, -M Q,OS + ■si a^k-<.k-m>{zi,)mEk'^M COS 

(co* -|- Wto) — Wk COi- — (co* — Wm) 

■f" COS 2c0;»i (9-20) 

(co* H- CO„) — (co* — (i,„) 

The first two terms of Eq. (9-20) have the desired modulation fre¬ 
quency. Because these components are derived from the second term 
of the plate-current series and because their amiditudes are proportional 
to the square of the carrier amplitude of the modulated input voltage 
this type of detection is known as squure-law detection. The third 
term of Eq. (9-20) represents the second harmonic of tlie modulation 
frequency. Since the input to the detector was assumed to be sinu¬ 
soidally modulated, this term indicates distortion in the process of 
detection. 

The impedances zi, and the coefficients a% in Ecj. (9-20) are not the 
same in all three terms, since the frequencies are different. The values 
of may be determined as explained in Sec. 3-24. If y, ia assumed to be 
coi^tant, Eq. (3-57) gives the following values of a% for tlie three terms 
of Eq. (9-20): 

= F,SQ ) 

... ) 

Because the load impedance is assumed to be negligible at carrier and 
SI e frequencies, (zi)*+m, (z;,)t_„, and (zs)* may be neglected in com¬ 
parison with in Eqs. (9-21). Equations (9-21) then reduce to 

(a2)(*:+m)_i = ^ — U \ 

+ (zft)*] rp + {zb)„ I 

( (Q"22) 


(^2) (A+m) (A:-—m) 


(9-22) 


?'p + (Zb)im 


The output voltage is 


load impedance at twice the modulation frequency does not 
differ greatly from that at modulation freciuency, which is normally 
true, the ratio of the second harmonic to the fundamental modulatiori- 
frequency output of the detector approximates iM, which has a value 


M(zbh 
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of 25 per cent for 100 per cenr modulation. A more complete analjsif 
shows that, if the carrier is modulated simultaneously l)y a number of 
modulation frequencies, the detector output contains also (‘.omponents 
whose frequencies are the sums and differences of tlio various modulation 
frequencies and whose amplitudes are proportional to the |)radiiets 
of the corresponding modulation factors. It is these sum and <lifTererioe 
frequencies, which are generally inharmonically ndated to tlu^ motlulation 
frequencies, rather than the harmonics, that catise objectionalila dli- 
tortion in the reproduction of voice or music. Because tlie sum- and 
differencedrequency amplitudes are proportional to th('. pi'oducts of 
the modulation factors of the modulation-frequency (a)m{)()nentB that 
give rise to them, the largest sum- or difference-fi-ecpiemjy amplitude 
cannot exceed the largest second harmonic. Therefore tlu^ factor 
is a satisfactory distortion index in the detection of a modulated wave 
by a square-law detector. To prevent excessive distortion it is necessary 
to keep the degree of modulation low. Unfortunately, however, tlie 
amplitude of the fundamental output is also pro})()rtional to t.he modiik^ 
tion factor. The impossibility of maintaining high modulation without 
introducing excessive distortion represents one disadvantage of square^ 
law detection. It is of interest to note that, since the third term of 
Eq. (9-20) arises from the difference between the upper and lower sidt 
frequencies, this term is absent when one side frequency is removed from 
the carrier before detection. Consideration of highm-order terms ^ 
the plate-current series shows that the detector out{>ut also contEias 
other distortion terms, which may become of importance at high 
tion voltage, as well as other modulation-frequency C()inp(>nenta. Tli« 
above analysis is therefore accurate only when the excitation voltage m 
small. 

Because the amplitude of the detector output is proportional to 
Ek, small changes of amplitude of the detector input, such as miglit 
result from fading of a received radio wave, result in relatively larg# 
changes in output voltage. This is another disadvantage of tlm aquart*- 
law detector. 

_ n additional carrier-frequency voltage, of amplitiulo E/, in pliane 
With the carrier component of the modulated in|)ut voltage, is Buppliiicl 
to the detector, the coefficient of the first term of I'hp (»-19) becc>m« 
Eh + Eh', and Eh^ in the first term of Eq. (9-23) is replaced by 

Ek(Ek + Ek). 

This shows that the amplitude of the detector output can be greatly 
increased by the superposition of additional carrier voltage upon the 
modulated voltage applied to a square-law detector. Because of th« 
difficulty of synchronizing the local oscillator to the received carw 
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this is not a practical method of increasing the amplitude of received 
radio signals. The difficulties of synchronization may, however, be 
ehminated by suppressing the carrier from the transmitted wave and 
applying it to the detector. If the carrier is removed from the modulated 
wave at the transmitter, the amplitude of the detector output is propor¬ 
tional to EkEk. Another advantage of carrier suppression at the 
transmitter lies in the fact that the carrier component of the modulated 
wave requires at least twice as much power as the side-frecpiency com¬ 
ponents. This may be shown by computing the power suiiplied to a 
resistance by a generator whose voltage is of the form of Eq. (9-19) 

By substituting Eq. (9-19) in the second term of Eq,’(9-18) and 
applying Eqs. (3-57), the student may derive the following expression 
for the change in the average plate current of a sciuare-law detector 
when it is excited by a modulated voltage: 


A7„„ = (M'^ 

Tp -f- Th 


-f 2) 


(9-24) 


The variation of average plate current with carrier amplitude makes 
possible automatic volume control of radio receivern (see Sec. 9-26) 

Since e in Eq. (9-18) is equal to -f- it follows that the foregoing 
analysis holds whether the modulated voltage is applied to the grid 
or to the plate of a triode or to the plate of a diode, a’he analysis is 
applicable also to tubes with more than one grid if excitation voltage is 
applied to only one grid. For a given inrnit amplitude, however the 
output will be M times as great if the modulated voltag(^ is applied to the 
grid as if It were applied to the plate. For this reason it is distinctly 
advantageous to apply the modulated voltage to the grid circuit, a’his 
las the additional advantage that, if the grid is not allowed to beconu^ 
positive, it does not draw current. 


^ ot'+fConverters.—It follows from the discussion of 
bee. 3-23 that the simultaneous excitation of a square-law detector by 
two different frequencies results in tl.o generation, among other com¬ 
ponents, of those having frequencies equal to the sum and the dilTcrcnce 
of the impressed frequencies. If the plate circuit of the detector con¬ 
tains or IS fo lowed by a filter tuned to either the sum or the dilTerencc^ 
requency, the output contains only this frequency. The detector 
i,herefore_ serves as a frequency converter. If one of the excitation 
voltages IS modulated, and the other is that of an oscillator of fixed 
fiequency the detector output contains carrier and mh friMiumicies 
equal to the oscilli^or frequenijy plus or minus the original carrier and 
side frequencies. The effect of the detector in conjimction with Z 
local oscillator is therefore to convert all input frecpiemues to new 
values that are higher or lower than the original values liy tlie frequency 
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of the oscillator. The filter must, of course, pass a band of frequencies 
of width equal to the original band width. 

In practical frequency converters the two signals arc usually impressed 
upon two grids of a multigrid tube. By the use ot specnal five-grid tubes, 
called -pentagrid converters, it is possible to make a .single tube serve both 
as the oscillator and as the detector. The first and second grids servo as 
the grid and plate, respectively, of a triode oscillator. The input signal 
is impressed upon the fourth grid. The third and fifth grids, which are 
tied together within the tube, serve both as a shield for the fourth grid 
and as accelerating electrodes similar to the .screen of a tetrode. The 
output is taken from the plate circuit. Frequency converters are u^d 
in superheterodyne radio receivers, which are discus.scd fuithci iir bee. 
9-25. When used in this manner they are called Jird detectors. 

9-13. Square-law Detector Circuits.—Figure 9-19 shows the circuit 
of a single-tube square-law detector. The function of the condenstir C' 
is to prevent the direct voltage and changes of direcd voltage resulting 

from detection from a])pearing in the 
output. Hoc proviik's grid Irias. A 
L- more nearly parabolic transfer charac- 
teristic may be attained by the use of a 



Inpuf 


Pig. 9-19.—Square-law plate 
detector. 


balanced push-pull Such a cir¬ 

cuit, shown in Fig. 15-2, is Dccavsioiiallj 
of value when a true s(]uar(‘-lavv deteo- 
tor is required for measuring purposes (see Sec. 15-2). BecaiiHe of ita 
relatively low output and its high second-harmonica (listorti(.)n ( K) per 
cent when ikf = 40 per cent, and 25 per cent wlien M = 100 |)er cent), 
the square-law detector has been largely replaced by ty|)eH making^ uee of 
complete rectification. 

9-14. Detection by Complete Rectification.—Wlum a wave of 
modulated voltage is applied to a diode in series with a |)ur(5 rcBistance, 
plate current flows only during the positive half (\y{des of impressed 
voltage, as shown in Fig. 9-20. The current wu\u^ (‘onsists of pulses 
and is very nearly a replica of the positive portions of tlie Jipplied voltage 
wave, as shown in Fig. 9-20. It may be resolvcMl into the (H)m|;)onenti 
represented by curves a and I, Curve a, which resembles tlic iinpreas^ci 
modulated wave but is distorted, may be broken ui> furtlior into com¬ 
ponents having frequencies equal to the carrier and sid(^ fr(H|uencies and 
their harmonics. Curve 6, which is the average curremt in eacdi carrier*^ 
frequency cycle, may be further separated into a steady component and 
modulation-frequency and modulation-harmonic corni)onents. 

Normally the carrier frequency is so much highest than tlui modulation 
frequency that each carrier-frequency cycle of tlxe impressed wave may 
he assumed to be sinusoidal. By the \ise of high load resistance (of 
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the order of 500,000 ohms), the curvature of the dynamic characteristic 
may be made very small. Each pulse of plate current then approxi¬ 
mates a half sine wave of amplitude in which r is the 

Tp “jr T 

resistance of the load, and rp is the a-c resistance of the tube during the 
time it conducts.* The average cun-ent, averaged over one carrier- 
frequency cycle, is 


T = (1 + -^ sil l oimt)Ek 
Tr{rp -f r) 

and the average voltage across the resistance is 

T,, _ _ J^kr _, ATE kV sin comt 

-n-irp -b r) 7r(rp + r) " 


(9-25) 


(9-26) 


The first term of Eq. (9-20) repre.scnts the direct output voltage and the 
second term the modulation-freciuency output voltage. 



I’lG. 9-20. —Gmphical oxiilamitioti of diodo dotoctloii of a luodulatod wave. Waves a and 

h aro two coiniionont.H into which the wave of plate cjurront ip can bo resolved. 

The operation of the diode detefitor is greatly improved by shunting 
the resistance with a condemser the reactance of which is low at carrier 
frequency but high at modulation frequency. The circuit is that of 
Fig. 9-21a. The condenser C increjises the modulation-frequency 
output voltage and suifpresses carrier and side-frequency voltages 
from the output. The action of the circuit of Fig. 9-21a differs from that 
of the circuit in which tlie condenser is omitted. If only the condenser 

1 Although r„ varies (luring the positive half cycle, r is ho much larger than rp that 
the variation in r,, -f- r is small, 'this is another way of saying that the slope 1 /(rp -|- r) 
of tile flynainic plate characteristic is nearly constant. 
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were used and the excitation consisted of an utmuMiuIufcd carrtt'r vulf- 
age, the condenser would be charged to a volfnge eiiual to the <*rrs? 
impressed voltage, which is the currier uniplit nth*. An iiierense of anijtli' 
tude of impressed voltage would cause an e<iual increase of direel euie 
denser voltage but, because the tube is a perfect re<>f ifier, the «-oiuJr!iAV» 
could not discharge following a decrease of itnpressetl voltage, and so 
condenser voltage would not full. The resistance allows tlie eoniieiiM i 
to discharge when the amplitude of the impressed \'idfagi* is lowerr-*! 


r 

Input 

L_ 


®TT 


c' 


u 

Ouipui- 

r 



(a) 


I'lo. y-21. —Diode dotortor rircuilM. 


fb) 


r 


If the ratio of the resistance to tlio eapaeitaime is madt* low enough, 
the condenser voltage can follow rapid naiuefions (,f aninJifudr. 
Then, when a modulated voltage is impressed upon the eirenif. thertwi- 
denser voltage is very nearly equal to the amplitude i.f the 
voltage at all times, and so the eondenser voltage is ju’nct ieailti 
identical in wave form with the enveh.pc' of the impr<-ss«Hi %’otlim.. 
It therefore contains a steady component i»1uh a miMiulafion-fretiutwv 
component. 


/input voltage 

/Output voHoge 

i! r'Tr>v>/>/r' 

¥\| if y li 
-i J I n H « n n I 

Diode Currenl* 


.......... 

... ill®- 

^ ^ ^ order (■(> nhow tlir* lH*liii.vior iiioit* 

Rg rarndT'*'*""•l-'iv.O 

bTsSn t. „ . « ™-tra,„„„cy 

Irt .. . ■'"'■i™ "«■ 

of impressed yoltago thmuXoiiT wWeMhe"''''''*"'’' "i”' '''''''' 

the condenser voltage I)urimr'th« 

deoserd.elsrges^?:„e„X\trhZtL 
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The resistance r may be connected across the tube, as shown in Fig. 
9-216, instead of across the condenser. The condenser then discharges 
through the resistance and source in series, instead of through the 
resistance alone. Since the impedance of the source is low at modulation 
frequency, this does not alfect the behavior of the circuit. Because of 
the low impedance of the source at modulation frequency, the modulation- 
frequency voltage across the tube in the circuits of Fig. 9-21 equals 
that across the condenser C, and so the output may be taken from across 
the tube instead of from across the condenser. Carrier-frequency voltage 
will, however, then be present in the output. The condenser C' in the cir¬ 
cuits of Fig. 9-21 prevents the appearance of direct voltage in the output. 



Fici. 9-23. 1 )iagruru uwed in tho (Inrivatioii of Etp. (9-35) aud (9-37). 

9-15. Analysis of Ideal Linear Diode Detection. ^—Detecstion by 
complete ix'.ctificatiou of a diode can be analyzed under the assumption 
that the diode static (diara<‘.tcristic is a straight line passing through the 
origin, as shown in Fig. 9-23. The carrier frequency is assumed to be so 
much higlun’ than the modulation frequency that each carrier-frequency 
cycle of the imptxsssed voltage <*.an be considered to be sinusoidal. Only 
one cAjcle of the impressed modulated voltage Ek{l + M sin oini) sin oiht is 
shown in Fig. 9-23. During the portion of the cycle in which plate 
current flows, some (uirrcMit flows througli the resistance and the rest 
into tlie (X)nd(ms(jr. Biiu*c the condenser discharges through the resist¬ 
ance dui’ing th(^ ix^mainder of the (;y(;le, as muclx charge flows through r 
in one cytde as is passcM,! by ilie tube. The charge passed by the tube 
in one c.ych^, divided by the period of one carrier-frequency cycle, is 
therefore eciual to the average current through the resistance. Tlie 
product of tins averages (uirrent and the resistance is equal to the average 

^ Coi.EBiiO'OK, F. M., Wirekm Eng., 7,595 (1930); Kilooue, Cl E., and Glebsn’ke, 
J. M., Proc. LltE., 21, 930 (1933); Lewis, W, B., Wireless Ena.. 9- 4S7 
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voltage across the resistance and condenser. If the reactance of the 
condenser at carrier frequency is very small in comparison with the 
resistance, the voltage Er across the condenser and resistance remains 
very nearly constant throughout the carrier-frequency cycle, and so 
may be assumed to be equal to the average voltage. The voltage Er 
is of such polarity as to bias the tube negatively. Although Er is prac¬ 
tically constant throughout any carrier-frequency cycle, it varies with 
the amplitude of the modulated input voltage, i.e., at modulation fre- 

quency, as will now be shown. 

V. 


r 

■tUTT^ 

n 

Input 

Erl = 

=c 

L_ 

ib 1 _ 



It can be seen from Fig. 9-24 that the 


instantaneous impressed voltage minus Er. 
J Current flows when the instantaneous plate 


Fig. 9-24.--Diode detector voltage exceeds zero, as shown in Fig. 9-23. 

circuit. Current starts flowing in the given carrier- 

frequency cycle at a time ta after the beginning of the cycle such that 

Eh{l + M sin o)mt) sin mU — Er — 0 (9-27) 

or 

Er = Eh(l + M sin WmO sin (9-28) 

Although Eq. (9-28) expresses the output voltage in terms of the carrier 
amplitude and the modulation factor, it is necessary to express sin mU 
in terms of r and before the equation can be used. This may be done 
as follows: 

The instantaneous plate current is equal to the instantaneous plate 
voltage, divided by the plate resistance r^, which has been assumed to be 
constant. 

- _ £^*(1 + M sin wj) sin o)kt — Er 

I “ (9-29) 

• V 




Er may be eliminated from Eq. (9-29) by means of Eq. (9-28). 
Ej;(l -f- M sin ojrniJ) 


tb 


(sin ci3ht — sin co*io) 


(9-30) 


The charge that flows through the tube throughout the wth carrier- 
frequency cycle is 


Q 


= /' 


Ek(l + M sin (jiJ,) ^ ^ ^ ^ 

-;;;-(siU 0)kt — SlU odo) dt (9-31) 

r n 


^ (n-DTk+to 

in which This the period of the carrier-frequency cycle. 
Ek(l 4“ M sin oimt) 


Q - 




■ [2 cos o3kto d- (2ookto — tt) sin (9-32) 
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The average current throughout the carrier-frequency cycle is 


Ibk = 




cos 0 >I^„ + 


sm coicto 


Tk 27r 

_ Ekjl + M sin (jim t ) 

~ irrj, 

But, since Er = lur, Eq. (9-27) may be written in the form 

Ihkr 


(^bOkto - si 


sin 


jEJic{1 Hr M sin oimt) 


(9--33) 


(9-34) 


Substitution of Eq. (9-33) in Eq. (9-34) gives the following relation: 
sin o3icf>o == ... 

TrVp 

Although Eq. (9-35) cannot readily be solved for sin as a function of 
r/fp it is a simple matter to plot a curve of sin o^kto vs. r/r^ by substituting 


covS coA-^o H~ f — 2y (9-35) 



^/Tp 

Fig. 9-25.—'Variation of dioile dtitecUon efficiency with ratio of load reslstaao© to plat© 
I’BHiHtande for noveral valucH of furV. 


various values of in Eq. (9-35) and finding the corresponding values 
of r/fp. This gives the upper curve of Fig. 9-25. Such a curve shows 
that sin mU is a single-valued fiimdion of r/t-p. Since r and tp are con¬ 
stant in a given cirtaiitj it follows that sin is constant in Eq. (9-28). 
Hence the output of tlie ideal linear diode dete<,:tor contains a steady 
component proportional to the carrier amplitude J4j and a modulation- 
frequency component proportional to the carrier amplitude and to the 
modulation factor. Both components also increase with the ratio fjrp^ 
in the manner indicated by the upper curve of Fig. 9-25. In contrast 
with detection by curvature*^ of tube characteristieSj detection by com- 
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plete rectification does not introduce harmonics of the modulation 
frequency if the tube characteristic is truly linear. As will be shown in 
Sec. 9-19, however, curvature of the diode characteristic! results in some 
nonlinear distortion. 

9-16. Detection Efficiency and Effective Input Resistance of the 
Ideal Linear Diode Detector.—The ratio of the amplitude! of thc! modula¬ 
tion-frequency output voltage Eo to the produ(!t EkM is (!alled the 
detection efficiency and is represented by thc symbol I). This may l>e 
stated symbolically by the relation 

Eo = DEkM (9-36) 

Inspection of Eqs. (9-26) and (9-28) discloses that tlu^ sum of the direct 
and modulation-frequency output voltages of thc id(!al diodc! dctecitor 
is given bjs'the relation 


Er = DEkil + M sin uj) (9-37) 

where Z) is equal to sin £oj,iowhen the reactance of the d(!tector condcmseBati 
carrier frequency is very small in comparison with r, and to rt,lir(rp -f- r) 
when the condenser is omitted. In Fig. 9-25 the dctcjction efficiency is 
plotted against t/tp at zero and infinite carrier-frequency condenser 
reactance and at several intermediate values. These curv(!s show 
clearly that the detection efficiency and therefore tlie output voltage 
increased by the condenser. 

The carrier-frequency power taken from the source of detector input 
voltage may appreciably affect the operation of the voltage souroe. 
When the excitation voltage is taken from the out])ut of a radio-frtiquency 
amplifier, for instance, the energy dissipation in tlie detector circuit 
reduces the sharpness of tuning of the amplifier. It is thered'ore often 
iinportant to know how the power loss and the effective input resistance 
of the detector depend upon the detector plate and huul resistances. 
Ihe average power dissipated in the detector (iircuit in a given carrier- 
frequency cycle is equal to the integral, over the cycle, of the product of 
the instantaneous impressed voltage Ek(l + M sin cj) sin and the 
instantaneous current %, divided by the period of the (larricr cycle The 
current it which is given by Eq. (9-30), flows during the time interval 
starting at the time U after the beginning of the positive half cycle and 
enffing at the bme U before the end of the positive half cycle, lis shown 
cycle^s^"^'^' Po^er input during the nth carrier-freciuency 

p. _ JL E,2(i + M sin o>rJY . 

Tj, 7p J(n-l)T,+t, ™ 

( 9 - 38 ) 



Sec. 9-17] 


MODULATION AND DETECTION 


313 


Pi = 


sin co/nO" 

2xrp 




— sin wkto cos o>kto 


(9-39) 


The effective input resistance may be defined as the equivalent resistance 
that would dissipate the same average power as the detector in each 
carrier-frequency cycle as the result of application of the same modulated 
voltage. According to this definition, the power dissipated in each cycle 
is equal to one-half the square of the crest applied voltage in that cycle 
divided by the effective input resistance. 

p. — 'g[-fe'i:(l -b M sin (9-40) 


Substitution of Eq. (9-39) in Eq. (9-40) givers the following expression 
for the effective input resistance: 

= .V - -- (9-41) 

(I — Oii-t,,) — sin oikL cos 


The values of ukto, sin on-to, and cos coa- 4 fof various v'alues of r/fj, can be 
found with the aid of Eep (9-35). 

A similar analysis (see Prob. 9-6) shows that when the condenser is 
omitted from the detector circuit the 
effective input resistance is' 

= 2(r, -t- r) (9-42) 

In Fig. 9-26, is shown as a function 
of r/vp for infinite and for zero condenser 
reactance. In both cases = 2rp when 
r = 0. For large values of r/vp, ap¬ 
proaches the value ir for zero reactance 
and 2r for infinite reactance. The con¬ 
denser therefore lowers the effective 
input resistance. 

9-17. Ideal Linear Diode Detection 
of A-m Wave of General Form.—An 
examination of the ecpiations of Secs. 9-14 and 9-15 shows that the 
integrands of the integrals evaluated in the analysis of the ideal linear 
diode detector do not involve the factor i!?r,(l -f M sin cant) which 
defines the form of the envelope of the modulated wave, and that this 
factor is therefore carried outside of the integral sign through all opera¬ 
tions. It appears in Eqs. (9-26) and (9-28) in unmodified form. If the 
modulated wave is of the mucli more general form /^«./(^) sin «*«, in winch 
f(0 is any function of time, the envelope factor LV/(0 replact® the factor 
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EkO + Af sin cx)rnt) throughout the analysis and, particularly, in Eqs. 
(9-26) and (9-28).^ This fact indicates that the wave form of a complex 
modulation voltage by means of which the carrier was modulated is not 
distorted in the process of detection by an ideal linear diode detector. 
The output voltage contains only the frequencies of the original modula¬ 
tion voltage. For a modulated voltage of general form, Eq. (9-37) 
becomes 

Er^DE,f(t) (9-43) 

9-18. Ideal Linear Diode Detection of the Sum of Two Voltages of 
Different Frequencies.—The linear diode detector is sometimes used to 
produce a difference frequency as the result of the simultaneous applica¬ 
tion of two sinusoidal voltages of unequal frequency. To analyssc^ this 



Fig. 9-27.—Resultant of two sine waves of equal amplitudo and 5 to 4 hmimmey ratio. 


process it is necessary first to study the form of the resultant wave pro¬ 
duced by the addition of two sine waves. Figure 9-27 shows tlie resultant 
of two sine waves of equal amplitude and 5 to 4 frequency ratio. By 
adding waves that have both unequal frequency and unequal amplitude, 
the reader may show that, in general, the resultant of two sine waves of 
somewhat different frequency resembles an amplitude-modulated wave. 
It differs from such a wave in that the points at which the resultant crosses 
the axis are not equally spaced, indicating additional phase modulation. 

The form of the envelope of the resultant wave and the manner in 
which the phase varies with time can he determined analytically. Let 
the two impressed voltages be ci = Ei sin coit and cj = Ei sin coal The 
resultant voltage is 

6 = El sin uit -|- E 2 sin cii 2 t (9-44) 

= El sin uit + Ei sin [wi« - (coi - wa))'] (9-45) 

By expanding the second term of Eq. (9-45) and collecting terms in 
sin uit and cos uit, Eq. (9-44) may be transformed into 

e = E sin (coi< — 4 ) 

* Rodbe, Hans, Proc. I.R.E., 20, 1946 (1932). 


(9-46) 
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in which 




E = El ’\/l + 2h cos (c*>i — cog)^ + 

(9-47) 


4> - tan-i , f"" , 

1 + /i cos (coi — 0 ) 2)1 

(9-48) 


II 

(9-49) 


If ei represents the component of the applied voltage that has the larger 
amplitude, then E\ ^ E^, and h g 1. 

Figure 9-28a shows how the phase angle <#> varies throughout one 
cycle of difference frequency, /i — /a, for various values of h between 
0.2 and 1. When the amplitudes arc equal, h = 1 and ^ varies between 


T3 




Fia. 9-28.—Effect of amplitude ratio h upon (a) phase modulation and (6) form of envelope 
of the resultant of two sine waves of urio<iual frequency. 

+90 and —90 degrees^ a Budden rcvernal of phane taking place at the 
instant (coi — 0)2)1 == tt . As h is decreaBcd by changing the amplitude 
of either component, the maximum value of <i> rapidly decreases, being 
only slightly greater than 111 degrees when h = 0.2. Figure 9-286 shows 
how E varies througliout tiie difference-frequency cycle, for various values. 
of h, E 2 l)eing kei)t (ionstant at unity. Comparison with the dotted 
curve, which represents cos (coi — < 02 )^, shows that the amplitude varies 
at a funclamental fre(|iumc‘.y eciual to the difference freciucncy but also 
contains a steady com|)onent and liarmorucs of tlie difference frequency. 
E. B. Moullin has showrd that 

\/i + 2 k cos (oil — oja)/. + li* — ho + h\ cos (00 1 — 0)2)^ 

+ 62 cos 2{o)i 0 ) 2)1 + 63 cos Z{o){ — q™ . . . (9-50) 

Each coefficient of tins series is in itself an infinite series that converges 
rapidly if h ^ L The following expressions for the first two coefficients 
are accnirate within 1 i)er cent when h does not exceed unity: 

1 Moullin, E. B., Wirekm Eng,^ 9, 378 (1932). Spe also F. M. CoLBaaooK, 
Wireless Eng., 9, 195 (1932). 
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7)2 /)■* /)“ 

&o = l+ ^ + ^ + 2i+ ■ ■ ■ (P-51) 

&i-A^l 23 2® 2'" / {P'*»-2i 

Equation (9-50) proves rigorously that K contains a sicatiy <‘omjMtiafHf, 
a fundamental difference-frequency component, and all hariiKmirs of tlir* 
difference frequency. 

This analysis shows that the rcisultant of two sim* wnve.s of lUffiwout 
frequencies is equivalent to a wave whose fuaiuency is (hat of (ho ctjisj- 
ponent of higher amplitude and whose amj)litu(le ami [ihase are inodulatod 
simultaneously. The modulation voltage with whieli (he arn|)litu«h* nf 
this equivalent wave is modulated contains the fundamental differene** 
frequency and all its harmonics. T'he phasci inodulnlion, the fumifi- 
mental frequency of which is also equal to the dilTermice frequency, may 
be made as small as desired by making h small, thider the HSHUiujdioii 
that h is small enough so that the phase moduhdion i.s negligilde, the smti 
of the two sine waves is equivalent to an amplitude-modulated wave* 
Eif(t) cosojiif, in which/(f) is given l)y Ecj. (l)-5()). Hulwtitntion of 
(9-50) in Eq. (9-43) shows that when this voltage is applied (« an !d«*«l 
linear diode detector the output voltage is 

Er = DEilbo + hi cos («j. — W2)f -f 62 cos 2(wi — wa)/ f.j CP-53| 

The value of D in Eq. (9-53) may bo found from the curves of Fig. *,K2S. 

Examination of Eqs. (9-51) and (9-52) aiul similar etpiations ftir tliii 
higher-order coefficients of Eq. (9-50) shows (Imt the rafio «>f tlie iimjili- 
tude of the nth harmonic to the amplitude of (he fundamental (iilTeircnc**- 
frequency output of the detector is roughly proport ional (o /i""' and that, 
the exactness of the proportionality incnuiscis rapi<lly as h is deen*iw«Nl. 
The harmonic content may, therefore, he made ns .Miunll ns d«*siwd by 
. making the amplitude of one component of the input much largm- thnii 
the other. The amplitude of the fumlainental modulation-frequeiicv 
component of detector output voltage is 


Eo = EiDh (^1 


■ 23 


/)' 

2» 


r>/(« 

2 '" 


) 


CP-r»i| 


As h is decreased, this approaches the limiting vidue 

Eo = EiDh = EnD 

This shows that, iT one input voltage is considcraldy larger t han the other, 

H r + ^ fu^amental differenee-fnspnm.-y .•omponeiif of 
linear diode detector output depends only upon the ami.lilude »f the 
smaller vo tage.‘ This is of importance hi (he d.-rign of sui«t- 
Slaffer, M., Eng.^ 11, 25 (1934). 
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heterodyne radio receivers and heterodyne oscillators (see Secs. 9-25 
and 10-52). 

9-19. Effect of Curvature of Diode Characteristic. —Equations (9-26), 
(9-28), and (9-43) hold only for linear characteristics. If the diode 
characteristic is not linear, the wave of plate current is not an exact 
replica of the upper half of the applied modulated voltage. This fact 
suggests that the output contains harmonics of the modulation voltage. 
In general, the relation between total instantaneous diode plate current 
and plate voltage may be expressed in terms of a series 

ih = Vi^^b 4- + Vzeb^ -f. . . . (9-56) 

Analysis by the method used in deriving Eqs. (9-28) and (9-43) shows 
that the voltage output across the condenser-resistance load is of the form 

Eo = PiE,m + IWPif) -f PzEmO + • • • (9-57) 

If the input voltage is a simple modulated wave, then/(0 is 

(1 Hh sin o^nS)j 

and the second term gives rise to steady, fundamental, and second-har¬ 
monic components, and the third term to steady, fundamental modula¬ 
tion-frequency, second-harmonic, and third-harmonic components. If 
the input wave is modulated by several modulation frequencies, the out¬ 
put also contains frequencies equal to the sums and differences of the 
modulation frequerfcics and their multiples. The fundamental modula¬ 
tion-frequency components of the output arising from the second- and 
higher-order terms of Eq. (9-57) destroy tlie linearity between modula¬ 
tion-frequency out[)ut voltage and carrier atn[)litiide that is obtained 
when the characteristic is linear. The sum and difference frequencies 
produce objectionable diss()nan(*.e when the detector is used in the repro¬ 
duction of music. The form of the (joefficients of Eq. (9-57) may be 
shown to be such as to indicate a reduction of distortion with increase 
of load resistance. 

The action of |)racti(a:il diode detectors with high load resistance 
approximates that of the idcuil liiKuir detecd.or at liigh excitation voltages 
and is intermediate Ixd^ween tliat of the ideal linear diode and a parabolic 
diode at low exentation voltage. In practice, detection is said to be linear 
if the desired outi)ut voltage is substantially proportional to the carrier 
voltage throughout the useful operating range of tlie d(d;ecting device. 

9-20. Design of Practical Diode Detectors.— In order to ensure 
low distortion resulting from <uirvature of the diode characteristic, to 
minimize loading of tlic sourcic of detector ini,)ut voltage, and to attain 
high detection efficienxiy and Iuuk^c output voltages, the load resistance 
should be high. There is no advantage, liowcver, in making the load 
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resistor much greater than the grid coupling resistor of the amplifier that 
follows the detector. Values ranging from 100,000 ohms to 1 megohm 
are normally used. 

Care should be exercised in the choice of the condenser capacitance 
of a diode detector, since incorrect capacitance may cause several types 
of distortion. The charging current that can flow into the condenser 
for a given value of instantaneous impressed voltage is limited by the 
tube, by the impedance of the source, and by leakage through the load 
resistance’ If the condenser is too large, many carrier-frequency cycles 
may be required for the condenser voltage to reach equilibrium after an 
increase or a decrease of amplitude of impressed alternating voltage. 
Then, if the impressed amplitude fluctuates rapidly, the changes in con¬ 
denser voltage are smaller than the changes in amplitude. The change in 
condenser voltage for a given change of impressed amplitude decreases 


^Oufpul voflage 



'^fnpuf voltage 

Pig. 9-29.—Nonlinear distortion in a diode detector resulting from improper choice of 

circuit values. 

as the frequency of the amplitude variation is increased. Since the 
envelope of a modulated wave varies at modulation frequency, it follows 
that the use of too large a condenser causes frequency distortion of the 
detector output. With a large condenser and load resistance and low 
tube resistance and source resistance, the condenser voltage may be able 
to respond fully to an increase of amplitude of impressed voltage, but 
not to a decrease of amplitude, as illustrated in Fig. 9-29. Frequency 
distortion will then be accompanied by nonlinear distortion in the detec¬ 
tion of a modulated wave. Both of these types of distortion may be 
made negligible by satisfying the relation ^Tvf^rC ^ 
which /w is the highest modulation frequency with which the carrier is 
modulated,^ 

When the detector is resistance-capacitance coupled to the grid of an 
amplifier tube, the detector load resistance at modulation frequency is 
that of r in parallel with the amplifier grid leak (the coupling reactance 
being assumed negligible at modulation frequency), whereas the d-c 
resistance is that of r alone. To prevent the amplitude distortion dis- 

^Teeman, F. E., and Morgan, N. R., Proc. I.R.E.^ 18, 2160 (1930); Nelson, 
J. R., Ptoc. I.R.E., 19, 489 (1931); Nelson, J. R., Proc, LIl.E., 20, 989 (1932); 
Tbrman, P. E., and Nelson, J. R., Proc, 20, 1971 (1932); CociiJNG, W. T., 

Eng.j 12, 595 (1935), 
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cussed above, it is then necessary to satisfy the relation 

^Tr/niTmC ^ ^ 

where fm is the highest inodiilation frequency and Vm is the effective load 
resistance at modulation frequency.^ The difference between the modu¬ 
lation-frequency and d-c resistances of the load with resistance-capaci¬ 
tance coupling causes another type of amplitude distortion because of 
complete cutting off of diode current during the inward modulation crcKsts 
when the degree of modulation is high. This type of distortion, which 
results in clipping of the negative peaks of modulation output voltage, 
may be prevented by keeping the degree of modulation less than a limit¬ 
ing value given approximately by the relation If = + 2r«)/(^ + 2n), 

where is the effective resistance of the 
source at carrier f requency. ^ Peak clipping 
is explained graphically in Sec. 9-23 and 
illustrated in Fig. 9-35. 

The load resistance not only allows the 
condenser to discliarge in response to th(^ 
envelope of tlie impressed voltage, but also 
allows it to discharge during the portions 
of the carrier-frequency cycle in whiidi the instantaneous impressed 
voltage is less than the condenscir voltage. This causes the condenser 
voltage to vary by a small amount at carrier frequency. The 
presence of carricr-freciuency voltage in the output is the limiting 
factor in determining tlie minimum (iondenscu^ capa(;itanc.e that can 
be used. Tlie ratio of the anqditude of the carrior-fr(Kpien(‘.y voltage 
in the output to the amplitude of the sigtud-freciuency voltage is 
approximately l/wfkrJJ, where//,. is the (iarri<ir freciuency. Since the 
carrier fr(M|uenc,y is usually at least ten times tlu^ highest signal freciucmcy, 
there is no difficulty in making C large enougli to meet this rcHiuirement 
without making it too large to avoid ni()(hih,iti()ii-fr(Hiuency dislxirtion. 
A capacitance of appi’oxinmtely 150 ppi is suitalihi for 0 in the broadcast 
band. 

Some rediud.ion in the r<H|uired mze of C results from tlie use of tlio 
full-wave diode c-ircaiit of Fig. 9-30, The output of this enreuit does not 
contain the (*-arri(U;* fre<iuenc,y, and so th(^ condenser ikuhI be only large 
enough to remove the scuamd tiarmonic of the (*.arrier freciuenc.y. 

iRobkkts, F., and Wiliuams, F. C., J, Imt Elec, Eng. (London), 76, 379 (1934); 
Bennon, S., Proc. LRJl, 26, 1595 (1937). 

2 Whrkekh, 1L a., Pror. LliJl, 26, 745 (1938); Oouet, W. P. N\, Eng., 

16, 648 (1939); Stueluy, K. R., Wireless Eng.^ 17, 19 (1940); Preisman, A., Com- 
municatlons, AuguHi, 1940, p. 18; Septcmlier, 1040, p. 8. 


C' 



Fig, 9-31).—Full-wavo diode do- 
teebor (sirciiit. 
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9-21. Linear Plate Detection (Linear Transrectification). —If a 

modulated wave of voltage is applied to the grid of a triode biased to 
cutoff, plate current flows only during the positive half cycles of the 
modulated voltage, as shown in Fig, 9-31. The action is similar to that 
of a diode except that the amplification of the tube greatly increases the 



sensitivity and that, if the grid is not allowed to swing positive, less load 
is placed on the voltage source. If the transfer characteristic were linear, 
there would be no signal distortion, and signal output would be propor¬ 
tional to carrier amplitude. Curvature of the chara(iteristic causes dis¬ 
tortion, which may be reduced by the use of high plate load resistance. 

Usually the bias is somewhat less than the 
cutoff value, and the acduon at low excita¬ 
tion is by curvature of the transfer char¬ 
acteristic. At large values of excitation 
voltage the action approximates that of 
the linear diode. The distortion of the 
linear plate detector is in general greater 
than that of the diode detector, but it has 
the advantages of greater sensitivity and high input impedance. Figure 
9-32 shows the circuit of a typical linear plate detector. In this circuit, 
bias is obtained from the steady component of voltage across the load 
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lii'io. 9-32.—^Linear plate detector. 


resistance. 

9-22. Linear Grid Detection. —^Figure 9-33a shows a detector, similar 
in form to the diode detector of Fig. 9-28, in which the grid and cathode 
of a triode are used as the rectifier and the output is taken from across 
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the tube, as explained in Sec. 9-14. Since the modulation-frequency 
output voltage appears between the grid and the cathode of the triode, 
the plate current contains a modulation-frequency component, and 
amplified modulation-frequency voltage may be taken from across a 
plate load resistor, as shown in Fig. 9-336. Because there is also carrier- 
frequency voltage present between the grid and the cathode, the con¬ 
denser Cb must be used in order to suppress carrier voltage from the 
output. The grid resistor may be connected across the grid condenser, 
instead of between the grid and the cathode. The grid circuit is then 
similar .in form and action to the diode circuit of Fig. 9-21. Choice of 
the values of r and C is governed by the same considerations as those 
determining the choice of the resistance and capacitance of diode circuits, 
as discussed in See. 9-20. 



Fia. 9-33.-—(a) Diode detector using the grid circuit of a triode; (6) linear grid detector. 


In the linear grid detector, rectification in the grid circuit produces 
the biasing voltage necessary in using the triode to amplify the modula¬ 
tion-frequency voltage. The bias increases with the amplitude of the 
input voltage and at high values of input amplitude may be so great that 
the operating point is in a region where the transfer characteristic has 
high curvature and plate-current cutoff may occur. This results in two 
objecti()nal)le effcjcts: Tlic modulation-frequency voltage is distorted in 
amplififiatiorq and dete(d.ion by transrectification is superimposed upon 
grid detection. Since the modulation-frequency output resulting from 
transrectificat.ion is opposite in phase to that resulting from grid rectifica¬ 
tion, the dei.e(*.tic)n efficiency decreases at large values of excitation. 
Reduction of detcHdion efficnency may, however, be prevented by the use 
of an inductances in |)lac.e of the grid leak r. The advantage of the linear 
grid detecstor over the lirusar diode detector and the linear plate detector 
is its higher sensitivity, which results from amplification of the modula- 
tion-frequenc^y voltage generated in the grid circuit.^ It approaches 
linearity more (closely than the linear plate detector. The high sensitivity 
of the linear grid detector can be attained without the attending disadvan¬ 
tages by tising a diode detector and a separate stage of audio-frequency 
amplifi(Uition. By the use of a tube that combines a diode and a triode 
or pentode in a single envelope, this can be accomplished without increas¬ 
ing the number of tubes. 

1 TekmaNj F. K.. arul Mokoan, N. E., Proc, 18 , 2160 (1030). 
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If sufEcient additional fixed positive bias is used in the circuit of Fig. 
9-335, grid current flows continuously and detection is the result of curva¬ 
ture of the grid characteristic, rather than of complete rectification. 
Although used in early radio receivers, this type of detection has been 
entirely superseded by linear diode detection in communication apparatus. 

9-23. Graphical Detection Analysis —The similarity between the 
variation of the average current of a detector tube with amplitude of 
exciting voltage and the variation of steady plate current of an amplifier 
tube with direct grid voltage suggests the use of detection diagrams which 
are analogous to amplifier plate diagrams.^ For diode or other simple 
rectification, the curves of average plate current against average plate 
voltage for fixed values of sinusoidal exciting voltage are called rectifica¬ 
tion characteristics. For plate detection or other transrectification, the 
curves of average current to an electrode vs. average voltage of that 



Fig. 9-34.—Circuits for the determination of {a) rectification cliaractoristics and (h) trans" 

rectification characteristics. 


electrode for fixed values of exciting voltage applied to any other electrode 
are called transrectification characteristics. Circuits for the determination 
of these characteristics are shown in Fig. 9-34, For the ideal linear diode 
the rectification characteristics obey the equation 


where sin cckto = Ei/E, Eh is the average plate voltage, and E is the 
amplitude of excitation. Ideal linear diode rectification characteristics 
are shown in Fig. 9-35. Experimental characteristics for a type 6H6 
diode are shown on page 684. 

When a modulated voltage Ek{l + M sin sin mi is applied to the 
detector, in place of the steady exciting voltage usexl in obtaining the 
characteristics, the amplitude of the exciting voltage varies in a manner 
analogous to the variation of grid voltage of an amplifier and causes an 

^Ballantine, S., Proc. IM.E., 17, 1153 (1929); Nelson, J. R., Froc. LR.E., 19, 
489 (1931); Nelson, J. R., Electronics^ March, 1931, p. 550, July, 1931, p. 14; Lucas, 
G. S. C., Wireless Bng.y 9, 384 (1932); Turner, P. K., Wireless Eng., 9, 384 (1932); 
Kiloour, C, E., and Glessnbr, J. M., Proc. LR.E., 21,930 (1933). 
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a^nalogous variation of average current. If static and dynamic load lines 
are drawn on the detection diagram.; corresponding to the d-c resistance 
and the a-c resistance at modulation frequency, respectively, the funda¬ 
mental and harmonic signal amplitudes may be determined graphically 
by the methods of Chap. 4. A. typical detection diagram is illustrated 
in Fig. 9-35 for an ideal linear diode and a load whose resistance at modu¬ 
lation frequency is less than its d-c resistance (resistance-capacitance- 
coupled load). The ‘bstatic’' operating point 0, which corresponds to 
zero modulation factor, is determined by the intersection of the static load 
line with the rectification characteristic for which E = Ek, the iinmodu- 
kted carrier amplitude. The swing of E along the dynamic load line is 



Fia. 9-36.—I)etc(5tiou plato cliaKrani for ideal liaoar <li(><lo> with load whoBO xnodulatiou 
fi'CMiuoiHty roKiMtaiiro in than itw < 1-0 r(»HiBt.au<! 0 . 


equal to MEk. It can l)e seen from Fig. 9-35 tliat, if the a-c load resist¬ 
ance is much lower than the d-c load resistance, cutoff may occuir when 
the degree of modulation is high. ^ This causes fxuik-olipping, which has 
been discussed in Sec. 9-20. 

9-24. Series Expansion and Equivalent Circuit for Detection.—Siiuje 
the direct voltages of all electrodes excepit that in which the detected ( 5 ur- 
rent flows are normally niaintained cjonstant, the average current to that 
electrode is a function of only the amplitude of tlic exciting voltage and 
of the average voltage of that electrode. The av(U'age |)late current of a 
diode or plate detector miry therefore lie CKpretssed by tlie functional 
eciuation 

lf>k irE) ( 9 - 58 ) 

^ Kilgotje and (.Ilussnur, loe. cfL For an aiialyHis that t.akes lead reactance into 
account, see k. Pkeisman, ^‘(irapltictil (kniatnietioriH for Vacuum Ttibe (hrctiits/^ 
Chap. 6, McGraw-Hill Book Company, luc., New York, 1943. 
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in which. Eb is the direct voltage applied to the plate, E is the amplitude 
of the sinusoidal exciting voltage applied to the plate or other electrode, 
and )7 is a factor analogous to amplification factor. U indicates the 
relative effectiveness of the direct plate voltage and the excitation voltage 
in controlling the average plate current. 

When the exciting voltage is a modulated carrier voltage, the ampli¬ 
tude of the exciting voltage varies at modulation frequency and causes the 
average current to vary at a fundamental frequency equal to the modula¬ 
tion frequency. The varying component of the average detector current 
can be expressed in terms of a series analogous to that for an amplifier 
with varying grid voltage, derived from Eq. 
(9-58) in a manner similar to that used in the 
derivation of Eqs. (3-40) and (3-56). The series 
expansion for the alternating component of aver¬ 
age detector current is 

+ . . . ( 9 ^ 59 ) 

in which e is the instantaneous amplitude of the 
modulated input voltage, and the coefficients are of similar form to those 
of Eq. (3-57). The first coefficient is given by the relation 



Fig. 9-36,—Equivalent 
plate circuit for detection. 




_p_ 


(9-60) 


where r/, the detection plate resistance, is defined by the equation 


r 


r 


P 


dlhk 


(9-61) 


and U, the detection mu-factor, is define<l by the equation 


U = 


dJEi 

TE 


{hk = const.) 


(9-62) 


For the sinusoidally modulated voltage, 

Cm = Ek(l M sin o>mt) sin Ukt 

e = j&fc(l-f ilf sin cdj). Substitution of this value of e and of Eq. 
(9-60) in the first term of Eq. (9-59) shows that the fundamental modula¬ 
tion-frequency component of detector current is 


Ix 


UMEk 

rp' -b 2s(co J 


(9-63) 


and that the fundamental modulation-frequency current and output 
voltage can, therefore, be found from the equivalent plate circuit for 
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detectiofh shown in 
the form^ 


hig. 9-3Q, Equation (9-63) may also be written in 


I = 

dE r/-f 2:6(co;») 


(9-64) 


dh,/dE, which is analogous to transconductance, is called the rectijication 
coefficient (in simple rectification) or transrectification coefficient (in 
transrectification). ' ^ 

The detection plate resistance r/, the rectification or transrectification 
coefficient dh^/dE, and the detection mu-factor U may be determined 
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luo. 9-37. («) K«seutial Htoiw in coinmunifiation liy moans of a-ra. -waves. 
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(6) Block 


from the rectification or traiisn'ctification characteristics at the operating 
point, m exactly the same way that the plate resistance, transcondue- 
tancc, and amplification factor are found from the static plate character¬ 
istics. A liridge for the dynamic measurement of r/ is described on 
l)age 655. 


Equations (9-58) to _(t)-04) may also be applied to grid detectors, 
proper changes m sul)scripf,s being made. Account must be taken, how¬ 
ever, of the signal-voltage amplification in determining the signal voltage 
output in the plate circuit. 

9-26. Radio Communication by Means of A-m Waves.—The block 
diagram of Eig. 9-37a shows the essential steps in communication by 
means of amiilitude-modulated waves. The reader should note the 
freciuencies jiresmit at various points in the system. In the super¬ 
heterodyne type of receiver now used almost exclusively in broadcast 


UUllantwe, loe, cit. 
IJt.E., 16, 113 (1927). 


See al*^o 10. L. Chaffee, and G, H, Bkownino-, Proc, 
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reception, the carrier frequency is transformed to a value of 450 kc before 
the modulated signal is amplified to the level required for detection. 
This is accomplished by impressing the modulated signal and the output 
of a local oscillator, whose frequency is 450 kc higher than that of the 
incoming carrier, upon a frequency converter or first detector, as shown 
in Fig. 9-376. The 450-kc intermediate-frequency amplifier selects the 
desired difference-frequency components from the output of the first 
detector. Because most of the amplification is accomplished at the 
fixed intermediate frequency, the superheterodyne circuit makes possible 
the high amplification and selectivity that can be attained with a large 
number of^ tuned amplifier stages without requiring the simultaneous 
variation of more than three condensers (first amplifier, oscillator, and 
first detector) in the operation of the receiver. 

9-26. Automatic Gain (Volume) Control (A. V. C.).^ —Because of 
fluctuations in the field intensity of radio waves striking the antenna, 
the audio-frequency output of a radio receiver also fluctuates unless the 
receiver is provided with some sort of automatic compensation. The 
simplest method of maintaining constant output is by the use of auto¬ 
matic control of the amplification of the radio-frequency amplifier stages. 
Automatic gain control is based upon the combination of tw^o principles 
already discussed: (1) The amplification of an r-f amplifier varies with the 
transconductance of the tubes, which in turn depends upon the operating 
voltages; (2), the direct output voltage of a detector varies with the car¬ 
rier amplitude of the modulated input voltage. The output of the 
amplifier is applied to a detector, the direct-voltage output of which 
controls the voltages of one or more grids of the amplifier tubes in such 
a manner as to reduce the amplification when the input of the amplifier 
rises. 

Figure 9-38 shows a type of automatic gain control commonly applied 
to radio receivers in which linear diode detection is used. For simplicity, 
only one stage of the r-f amplifier is shown and the amplifier tube is 
shown as a triode, rather than as a pentode. Ti is the detector load 
resistance, across which the modulation-frequency and direct output 
voltages appear. Ci is the detector condenser. The d-c detector output 
is applied to the grid of the r-f amplifier tube through the high resistance 
(approximately 1 megohm, usually) r 2 , which, in conjunction with the 
condenser (72, filters out the modulation-frequency voltage. The modu¬ 
lation-frequency output of the detector is applied to the audio amplifier 
through the condenser Ca. As the r-f output of the amplifier increases, 
the direct voltage across vi goes up. The polarity of this voltage is such 
as to make the r-f amplifier grid more negative and thus reduce the r-f 
gain. The rapidity with which the grid bias of the r-f amplifier tube can 

1 Wheeler, H. A., Proc, LR.E,, 16, 30 (1928), 



Sec. 9-27] MODULATION AND DETECTION 327 

change decreases with increase of or C^. Too rapid response tends to 
cause degeneration^ at low audio frequencies. serves the additional 
functions oi avoiding a low-impedance connection between the trans- 
former secondary and the cathode in the r-f amplifier and of preventing 

the r-f output of the amplifier from being applied to the grids of controlled 
tubes. 

Similar action may be obtained with other types of detectors but the 
diode detector has the advantage that the d-c output is proportional 
to the carrier amplitude and independent of the degree of modulation i 



9-27. Frequency Modulation. —Frequency modulation is the process 
whereby the frequency of one wave or oscillation is varied with time in 
accordance with tlie time variations of another w'ave or oscillation. 
Figure 9-39 shows a wave of a quantity y, the value of which varies 
periodically with time at a freipiency that is a function of time. The 
amplitude has a (ionstaiit value K. li the variation of frequency is 
sufficiently slow so tliat each cycle (uin be assumed to be essentially sinu¬ 
soidal, the value of y at any instant b is eiiual to K sin where 6 is 
the number of degi-ees elapsed in 
the cycks in progress at tlu! instant b- 
It can lie seen from Fig. 9-39 that 
the value of d, and hence of y, at 
that instant depends not only upon 
the frequency at that instant, but 
also upon the manrun’ in which the i'''«'iaoncy-modulatod wave. 

frequency varied previously. If n is the number of cycles that have 
elapsed between the instants t = 0 and t = k, then the value of y at the 



^ Au excudlcct rc^vu'w of various systcuns of automatic gain control is given by 
W. T. CIOCKINO in WircU-sx Eng., 11, 40((, 476, 483, 542 (1934),-12, 87 (1935). 

“Cakson, J. H,, Proc. I.lt.E., 10, 57 (1922); 7, 187 (1919); van niflE Pol, B., 
Froc. I.R.Ii., 18, IKM (1930); Smith, C. II., Hbrcless Eng., 7, 609 (1930); Rodbe, H., 
Proc. I.Ii.K., 19, 2145 (1931) (with bibliography of 21 items); Luck, D. G. C., and 
lloDKE, H., Proc. I.lt.E., 20, 884 (1932); Aemstiionci, E. H., Proc. I.R.E., 24, 689 
(1936). S(!(! also .suppUunentary bibliography at the end of this chapter. 
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instant may be expressed by the relation 

yi = K sin n(27r) (9-65) 

(Thus, in Fig. 9-89, n = 5 + 6/27r and yi = K sin (IOtt + ^) = if sin 0. 
h is equal to the number of cycles between zero and ti multii)lied by the 
period of each cycle.) The portion An of a cycle that elapses during any 
small interval between t and Ai^ is equal to the ratio of the interval 
to the period T for that cycle. Thus 

An = ^=f At (9-66) 

where / is the value of the frequency at the instant L Therefore the 
number of cycles in the interval 0 to ti is 

n = /o‘V dt (9-67) 

If the instantaneous frequency / is varied sinusoidally at modulation 
frequency about an unmodulated carrier value fk in accordance with 
the relation 


f = fkil + B cos 27r/m0 

then 

(f>-fl8) 

^ ^ /a(1 + -B cos 2rfmt) (It 

(9-69) 

‘TV fk (fi -1- sin 2irfmt,j 

and 

(9-70) 

2 /i = if sin (^irfkti -f- ~ sin 2r/„/i) 

(9-71) 

Since ti may have any value, the subscript j may be; 
(9-71) written in the form 

omif.ttal and Eep 

2 / = if sin (coi< -f ilf/ sin oij) 

(9-72) 


in which Mf — Boikiwm — Bfie/f^. Equation (9-72) is thul of a (■onstant- 
amplitude wave, the frequency of which is varied in acciordance with Eq. 
(9-68). Bfk, which is shown by Eq. (9-68) to be the maximum change in 
frequency from the unmodulated carrier value, is called th(! frequpmy 
deviation and will be represented by the symbol fa- Mj, which is equal to 
fd/fm, the ratio of the frequency deviation to the modulation frequency, is 
called the deviation ratio ox frequency modulation index. Eciuation (9-72) 
may be written 
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Equation (9-72) may be expanded into the series^ 

y = K{Jo{Mf) sin mt + J i(M/)[sin {m + (^n^t — sin {m — o)ni)t] 

+ sin -f- 2(x)jn)t “h sin (o^k — 2cow)/] 

-f J 3 (M/)[sin (o3k + ^com)t — sin (m — 3a?w-)i5] 

+ J 4 (A£f)[— sin (6^^• + Ao3rn)t + sin — 4coy^)^] 

+ • • - } (9-73) 

in which the coefficients Jn(Mf) are Bessel functions of the first kind. 
The coefficients for any given value of Mf may be evaluated by the use of 
published tables*^ that list numerical values of Jo(x)j Ji(x)^ J 2 (.x)j etc., for 
various values of x. 

Equation (9-73) shows that a frequency-modulated wave theoretically 
contains an infinite number of side frequencies, separated in frequency 
value by the modulation frequency. 

The values of JniMf) decrease very 
rapidly, however, beyond a value of 
n that is slightly greater than Mf. 

This can be seen from Fig. 9-40, 
which shows, as a function of M /, the 
highest order of the side frequencies 
whose amplitudes are greater than 5 
per cent or than 10 per cent of that of 
the unmodulated carrier.^ 

Because Mf is inversely propor¬ 
tional to fm, the number of side fre¬ 
quencies of appreciable amplitude 
decreases with increase of modulation 
frequency and, when the deviation is large in comparison with the 
highest modulation frequency, the over-all band width does not vary 
greatly as the modulation frecpiency changes throughout the audio¬ 
frequency range. This can be sliown with the aid of Fig. 9-40 and 
the fact that the total widtJi of the upper and of the lower frecpiency 
bands in which the side frequencies lie is equal to where n is the order 
of the highest order side-frequency component of appreciable amplitude. 
Inspection shows that for the 10 per cent curve n is approximately equal 

1 VAN BER Pol, loc. clL; IIodeh, he. cit. 

2 Jahnke, E., and Emde, F., Tables of Functions with Formulae and Curves/* 
3d ed., B. G. Teubner, Leipzig and Berlin (1938); Gray, A,, and Matuewh, G. B., 

Treatise on Bessel FunetionB,** Macmillan & Company, Ltd., London (1922), 
See also Roder, ep, p. 2175. It is of interest to note that /o(()) « I and J«(0) »« 0. 
Hence, when Mf is zero, Le., when the wave is unmodulated, Eq. (9-73) rcKluces to 
y ^ K sin cokt, as it should. 

3 Roder, loc, cit. In using Fig. 9-40, n is read as the next lower integer to the value 
indicated by the curve. Thus, for M/ » 1, a 2. 



Fio, 9-40.'—HighcHt order of side 
frequencies whose amplitudes are 
greater than 5 per cent and than 10 per 
cent of the unmodulated carrier, 
plotted aw a function of the deviation 
ratio. 
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to 1.0 + l.likf/. Hence the width of the upper and of the lower band is 
approximately 

1 ^ 1.0 + 1.1 u=u + i.iu 

where fd is Bfjc, the deviation in cycles per second. The total band width 
is approximately 2/^ + 2.2/rz, which is very nearly equal to 2.2/, i when 
fd/fm, i-e., Mf, is large. A similar expression may be derived for the 5 per 
cent curve of Fig. 9-40 but, because of greater curvature of this curve, the 
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I Modulation frequency=15,000 
cycles per second 
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Fig. 9-41.—Amplitudes" and distribution of side-frequency components of f-m wave for 
60-kc deviation and four values of modulation frequency. 



expression is not quite so simple. More complete analyses have been 
made.'- In present frequency-modulation broadcasting systems the 
maximum deviation is 75,000 cps and the highest modulation frequency is 
15,000 cps. Ms is therefore 5 and the band width at full deviation varies 
from about 165,000 to 200,000 cps as the modulation frequency is varied 
through the entire a-f range. Figure 9-41 shows the maimer in which the 
number, distribution, and amplitude of the carrier and side-frequency 
components change with modulation frequency for a frcciucncy deviation 
of 60,000 cps." 

It should be noted that the amplitudes of the side-frequency com¬ 
ponents of a frequency-modulated wave depend both upon the amplitude 

1 Black, L. J., and Scott, H. J., Elecironies, September, 1940, p. 30. 

“ Evehitt, W. L., Tram. Am. Inst. Elec. Eng., 69 , 613 (1940). 
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of the original modulation-frequency excitation [through variation of B 
in Eq. (9-68)] and upon the modulation frequency, as has just been shown. 

A more complete analysis than that which has Just been presented 
shows that the side frequencies produced when the carrier is modulated 
simultaneously at two or more frequencies are not in general equal to the 
side frequencies produced when the carrier is modulated individually at 
these same frequencies. When the total deviation is the same, however, 
the side frequencies remain within a band of the same approximate 
width. 

9-28. Phase Modulation.—An analysis similar to that made in the 
preceding section for frequency modulation shows that when the phase 
angle of the carrier is varied in accordance with the relation 

<l> = <l>oil + B sin (aj) (9-74) 

the resulting phase-modulated wave is of the form® 

y = K sin -f Mj, sin co„i) (9-75) 

in which Mp, the phase modulation index, is equal to <^o5. Equation 
(9-75) differs from Eq. (9-72) only in that replaces Mf. It may, 
therefore, be expanded into an equation of the same form as Eq. (9-73). 
Since Mj, is not inversely proportional to/^ as in frequency modulation, 
however, the number of side frequencies of appreciable amplitude is 
independent of fm and so the required hand width is proportional to the 
modulation frequency. Because of the much larger band width required 
at high modulation frequency, because of the more complicated circuits 
required for detection, and because of sensitivity of the receiver to micro- 
phonic tube vibrations,® phase modulation is less satisfactory than 
frequency modulation in radio broadcasting and has thus far been used 
only experimentally. 

9-29. F-m Circuits.—The most direct method of producing frequency 
modulation is by variation of oscillator frequency in response to the time 
variation of the modulation-frequency signal. Since the frequency of 
most oscillators is controlled by the reactance of a parallel resonant 
circuit (see Chap. 10), the frequency may be varied by use of one of the 
circuits, discussed in Sec. 6-39, in which the effective capacitive or induc¬ 
tive reactance is varied by means of the grid voltage of a vacuum tube. 
Two frequency modulators arc shown in Figs. 9-42 and 9-43.^ (Although 
one or both tubes in Pig.s. 9-42 and 9-43 may be multigrid tubes, they are 
shown as triodes in order to simplify the diagrams.) In the circuit of Fig. 

1 CRO.SBY, M. (!., RCA R&., 3, 103 (1938), 

* Rodgr, m. cil. 

a Ceosby, M. (i., Froc. LINK., 27, 126 (1939). 

‘Tkavis, Froc. I R.E., 23, 1125 (1936). See also M. G. Crosby, RCA Rev., 
8. 89 (1940), 
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9-42, tube and the circuit elements lying to the right of the condenser C' 
make up a feedback oscillator of a type that will be discussed in Sec. 10-30 
and is shown in basic form in Fig. 10-49. The frequency of oscillation 
of this circuit is determined by the inductance of L and the total capaci¬ 
tance that shunts it. The main tuning capacitance C is shunted by the 
auxiliary capacitance C' in series with the plate resistance of tube Ti, 
Variation of the control-grid voltage of Ti changes the plate resistance 
and, hence, the effective capacitance of the series combination of and 
C'. It follows that the frequency of oscillation may be varied by means 
of the control-grid voltage of Ti. Mathematical analysis shows that, if 
the oscillator capacitance is varied periodically over a range that is small 
in comparison with the average capacitance, at a frequency that is very 
small in comparison with the average frequency of oscillation, the 
instantaneous frequency varies approximately linearly with capacitance. 
Hence, if the circuit of the reactance tube Ti is designed so that the 



effective capacitance varies linearly with control-grid voltage, the oscil¬ 
lator frequency will be modulated linearly with respect to modulation 
excitation impressed upon the control grid of Ti, 

A more satisfactory circuit is that of Fig. 9-43. In this circuit T& 
and the circuit elements lying to the right of it constitute the oscillator, 
the frequency of which is determined by the inductance L and the total 
capacitance shunting L. Ti, C', and r comprise a reactance-tube circuit 
discussed in Sec. 6-39 and shown in Fig. 6-48. The effective capacitance 
of this circuit shunts the main tuning capacitance C. Rcpiation (6-99) 
shows that the effective capacitance varies with the transconductance of 
Ti, The oscillator frequency may, therefore, be varied l)y means of the 
voltage of one or more grids of J\. By proper choice of tube, <)|)eratmg 
voltages, and circuit constants, the frequency can bo made to vary linearly 
with grid voltage. The frequency variation is then pro|)()rti()nal to the 
instantaneous value of modulating voltage impressed upon tlie grid or 
grids. A number of modifications of these basic circuits may be mad© to 
meet specific requirements.^ 

1 Febbman, E. L., Electronics, November, 1936, p. 20; Fobtkr, I), t]., and Sbblby, 
S. W., Proc. LR,E., 25, 289 (1937); Sheafber, C. F., Proc. IJLE., 28, 66 (1940); 
Crosby, M. G., QST, June, 1940, p. 46; Crosby, M. G., RCA Rev., 6, 89 (1940). 
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An entirely different principle is used in the Armstrong system of 
modulation^ If ilf/ is less than about 0.5, all but the first two terms of 
Eq. (9-73) are very small, - and Eci. (9-73) may be written in the approxi¬ 
mate form 

y = KJ ()(M/) sin mt + AVi(il//)[sin — sin (co/,. — com)t] (9-76) 

The amplitude-modulated wave 

y = ,/C'(l + ilf sin bij) cos (9-77) 

may be written in the form 

y = K' cos c^kt + i-A'ilf[sin (< 0 /. + ^ {m, - (9-78) 

Equation (9-78) differs in form from Eq. (9-76) only in the 90-degree 
difference in phase of the carrier-frequency term and in the fact that the 
side-frequency coefficient of (9-76) decreases with increase of modu¬ 
lation frequency wliereas that of E(|. (9-78) is independent of frequency. 
Ji{Mf) is very nearly proportional to My, and so inversely proportional 
to fm, for values of Mf ranging from zero to 0.5. Hence if a 90-degree 
phase shift is made in the first term of Eep (9-78), if the modulation 
factor ilf is made inversely proportional to frequency, and if MK/ is of the 
proper value, the wave represented by Eq. (9-78) will be identical with 
that represented by hhp (9-76). This is accomplished in the Armstrong 
system by amplitude-modulating the carrier by means of a balanced 
modulator [in which the carrier is suppressed from the output (see Sec. 
9-5)], and combining the nisulting side-frequency output with the 
unmodulated carrier sliifted 90 degrees in phase, M is made inversely 
proportional to tlic niodulation frequency by passing the modulation- 
frequency excitation through an equalizer'^ that makes its amplitude 
inversely proportional to the modtdation freciuency before impressing 
it upon the modulator. Tlie equalizer usually consists of a resistance- 
capacitance network. 

The inaxiimim value of approximately 0.5 tliat can be used for Mf 
directly in the Annstrong system is too small to give tlie benefits that can 
be attained by the xim of fr(H|uency modulation in radio communication 
(see Sec. 9-31). This difficadty is avoided by performing the modulation 
at a much lower carrier fnapic^ncy than that desired for transmission. By 
means of fre(iuen(y-nnilt.if)lyi!ig (‘ir(*4iits iho carrier freciuency of the 
modulated voltage is then raivSCHl to tlie desired value. This process 
also raises M; to tlu^ d(»sired value, siiu^c^ ilf/ = BJk/Jm. 

9-30. Deteption of F-m Voltage.-.Prior to detecting a frequency- 

modulated voltage it is neciessary to eliminate any amplitude variation 

1 Akmsteonc, loc. cil 

2 Jafkb, D. L., Proc. l.Ii K., 26, 475 (1938), 
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that may have been introduced subsequent to modulation. This is 
accomplished by impressing the voltage upon the input of a limiter, which 
is usually a tuned radio-frequency amplifier operated at low plate voltage. 
The action of such a circuit may be understood b3'- reference to the ifiate 
diagram of Fig. 9-44. Since the d-c resistance of the tuned plate circuit i.s 
smallj the operating plate voltage is practically equal to thti supifiy volt¬ 
age. At resonance, however, the a-c load resistance i.s high. It can be 
seen from Fig. 9-44 that, no matter how large the grid excitation i.s made, 
the plate voltage cannot swing beyond the limits indicated by points a 
and h. Hence, beyond the excitation that causes the v'oltage to swing 
to these limits, increase of grid excitation has no effect upon the amplitude 
of the fundamental output voltage. Harmonics are suppre.s.sed by the 
tuned circuit. In practice, the excitation is made large enough and the 



operating voltage sufficiently low so that the output amplituch; remains 
constant in spite of fluctuations of impressed voltage. 

The detection of frequency-modulated voltages is accomplished by 
first causing the changes of frequency to vary the amplitude of the voltage 
and then detectmg the resulting amplitude-modulated wave by means of a 
diode detector in a manner di.scus.sed in Secs. 9-14 to 9-17. ' TChe circuit 
used to^ produce amplitude modulation as the result of freciuency 
modulation is called a discriminator. This term is (iommonly applied 
also to the complete detector, including the diode portion. 

The simplest type of discriminator is a series resonant circuit tuned 
slightly off resonance with the carrier.^ The voltage produc,ed across 
either the condenser or the inductance varies approximately linearly with 
frequency over a limited range of frequency, and so variations of fri^ 
quency produce proportional variations of amplitude. A similar action 
akes place m tuned-radio-frequency amplifiers tuned slightly off reso¬ 
nance with the carrier frequency. For this reason careful tuning is destr- 

^ CnAraKK, J. (}., Proe. I.M M 2S 

517 (1935); Rodeh, H., Proc. I.R.E., 26, 1617 (1937). " ’ * 
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able in amplifiers used for frequency-modulated voltages. (Note, however, 
that the limiter removes amplitude variations resulting from this cause.) 

A more common discriminator circuit is shown in Fig. 9-45. This 
circuit was originally designed for use in automatically tuned radio 
receivers to produce a direct voltage as the result of a change of fre¬ 
quency.^ The action of the circuit is as follows: The voltage Ei impressed 
upon the circuit of the diode Ti is the vector sum of T7 and whereaKS 
the voltage impressed upon the circuit of 7^2 is the vector sum of jE" 
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Fig. 9-45.—-Di8f5rimhuitor oircniit. 


and jB'". As explained in Sec. 9-14, if the reactance of C$ and Ca at 
carrier frequency is low in comparison witli the shunting resistances, then 
Cs and CA charge in the indicated polarities to voltages nearly equal to the 
crest voltages Ei and E^ impressed in the respective circuits. The output 
voltage Eo is tlie sum of the condenser voltages. 

Since the reactance of Ca is negligible, the series combination of Ci 
and 1/3 is in parallel with Li and the voltage E' across Lz is either in phase 
with or 180 degrees out of |)liasc with the i)rimary voltage Ei, It will be 
assumed that the reactance of Lz exceeds tliat of Cj, so that jB' is in phase 
with Ei, By virtue of c-ircidt symmetry, the voltages i?" and are 
each equal in magnitude to half the voltage 
Eo across C 2 . E'^ is of the same sign as Ea; 
jB'" is opposite in sign. The voltage across 
C 2 can be determined witli the aid of the 
equivalent circuit of Fig. 9-46, in which 
and r 2 are the scdf-inductance and resistance 
of the transformer secondary and hn iB the mutual inductance,' The 
induced voltage E is 90 degrees out of phase witli the primary current. 
As the primary resistance ri is small, Ei is also practically 90 degrees out 
of phase with tlie primary currmit, and so E is in phase with or 180 
degrees out of phase with Ei. It will be assumed to be opposite in phase 
to Ei. Figure 9-47a shows the vector diagram of the secondary of the 
equivalent circuit at resonance.^ Ea lags E by 90 degrees, Eli tlics 



Fig. 9-46.-—Eciuivaleat cir- 
(mifc for tlio tranHforiner of tli© 
discriminator of Fig. 9-45. 


1 Travis, loc. rit.; Aemsteonc{, op. cU.^ p. 699; Crosby, IVI. G., Proa. LT.E.^ 24, 

898 (1936); Foster and Bkeley, loc. ciL; Roder, H., Proc. 26, 590 (1938), 

2 The voltage Er is ac.tually vory small in eomparison witli Ea. It is exaggeratcai 
ill Fig. 9-47 for thi^ sake of clarity. 
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voltage across leads E by 90 degrees. The vector diagrams of Fig. 
9-48a, showing the vector sum of E' and E" and of E' and jB"" indicate 
that the voltages Ei and Ez impressed in the two diode circuits arc equal. 
The voltages across Cz and C 4 , are, therefore, also equal in inagnitude. 
Because they are of opposite polarity, the output voltage E,, is zero. 

Figure 9-475 shows the vector diagram for the equivalent secondary 
circuit at a frequency slightly above resonance.^ /, Ec^ and E^ are all 



Fig. 9-47. —Vector diagrams for 
the secondary of the equivalent cir¬ 
cuit of Fig. 9-46. 
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Fig. 9-48.—Vector diagrams for tlie circuit of 
Fig. 9-45. 


smaller than at resonance, but the reduction of Ha is greater than that of 
Hi, and so Ho lags H by more than 90 degrees. Figure 9-48b shows that 
the magnitude of H\ now exceeds that of H^. Therefore, the voltage 
across Qz exceeds that across and Ho has a positive value. Below 
resonance, on the other hand, Hz exceeds Hi in magnitude and E„ is nega¬ 
tive. A typical curve of Ho as a function of frequency change from the 
resonance value/o is shown in Fig. 9-49. The linearity of this curve in the 
vicinity of resonance makes possible the conversion of the frequency- 

modulated input volt,age into (be modulation- 
frequency output voltage vv'ithout distortion. 
If the circuit is tuned to tlu^ carrier fre([uency, 
the instantaneous output voltage is propot^ 
tional to the instantaneous vfilue of the devi¬ 
ation and hence of tlio modulat ion-freciuency 
voltage used to modulate the cai’ri(tr. The 
output voltage i.s thend’ore of the .same wave 
form as the original modulation voltiige, 
9-31. Interference Suppression. —^The mo.st important advantages of 
frequency modulation over amplitude modulation in radio communi¬ 
cation result from the greater suppression of undesired carriers and noise. 
An analysis of noise suppression in amplitude-modidation and frequency- 
modulation systems can be made by making use of the fact, proved in 
Sec. 9-18, that the sum of two sinusoidal waves can be considered to be a 
wave modulated simultaneously in amplitude and in phase. One wave is 

shown'^ weinity of resonance, the vector Ei - Bo m actually much smaller thwa 



Fig. 9-49.—Detection char¬ 
acteristic for the discriminator 
of Fig. 9-45. 
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assumed to be the desired carrier, and the other the interfering carrier or 
noise. 

If Ek sin (X)kt represents the desired carrier voltage impressed upon the 
input of the receiver, and Ei sin o)it an interfering carrier voltage, both 
being assumed for the present to be unmodulated, the resultant voltage 
impressed upon the receiver is 


e == Ek sin co/.^ + Ei sin c^it 


(9-79) 


As pointed out in Sec. 9-18, Ecp (9-79) may be transformed into 


in which 


e = E sin {o)kt <i>) 


h 


E = Ek y/i d" 2A cos cokit + IN 
Ei 
Ek 

wi 

h sin cakit 


(j) = tan'“'‘‘ 


1 + h cos cx>kit 


(9-80) 


(9-81) 
(9-82) 
(9-83) 
' (9-84) 


Since both E and <!> are functions of time, the impressed voltage is 
equivalent to a voltage modulated in botli amplitude and phase. In 
Fig. 9-27, which shows the w'ave form of the sum of two sinusoidal 
voltages of equal am|)litude and 5:4 frequency ratio, the ami)litiide 
modulation is evident at a glance. The |)hase modulation is indicated 
by the unequal spacing of the points at whicli the curve crosses the time 
axis. 

9-32. Interference-to-signal Ratio in A-m Systems.— In a properly 
tuned amplitude-modulation (a-rn) receiver, tlie detector responds only 
to amplitude modulation and not to frequen(‘,y modulation. Figtire 9-50 
shows the manner in whicli A', the amplitude, of tlic^ resultant in|)ut volt¬ 
age, varies with time at constant amplitude of (k^sired carrier voltage and 
several values of amplitude of interfei'ing carrier voltage. The curve 
corresponding to Ei = Ek sliows that when tlic two carrier voltages have 
equal amplitude the desired carrier is fully modulai.ed, at the difference 
frequency fki, by tlie undesirod carrier. As tlie amplitude Ei of tlie 
interfering carrier is rcKluced, tlie degi-ce of modulation is also reduced, and 
is always equal to Ei/Ek,^ the ratio of the am|)litudes of tlie two cjarriers. 
The ratio of tlie am|)litudc of the interference outjiut of the detector to 
the desired audio-frequency output wliich would be obtained without tlie 
interfering carrier is (Kpuil to the ratio of the modulation factor Ei/Eu 

1 Examination of Kcih. (9-51) and (9-52) bIiows tha.t tlio iiiodnlatiori factor corre¬ 
sponding to the/tc/idawcwioi difTcrencc-rrc(|ueney cornporumt of E is less than Ei/Eky 
but approaches this value as h m reduced. It is (upial to approximately 0.67/i’i//4 
when h is unity and to approximately 0.913/4/f4 when h is 
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corresponding to the interfering carrier to the modulation factor M 
corresponding to the desired a-f signal. This is the interfcrence-to-signul 
ratio: 


N_j^ 

S " MEl 


(9-86) 


If the desired carrier is fully modulated by the desired a-f signal, this 
ratio reduces to Ei/Ei... 



Fia. 9-50.—Wave form of the envelope of the resultant of a dcHirod and an interfering 
unmodulated carrier at*several ratios of carrier ainplitndcH. 

9-33. Interference-to-signal Ratio in F-m Systems.^ —In a fretiuency- 
modulation receiver, the purpose of the limiter is to rcinovo amplitnde 
modulation from the discriminator input. Since the liinitcn* (janiiot fnrus- 
tion completely when the amplitude modulation of the iinpresscKi voltage 
approaches 100 per cent, it can be seen from Fig. 9-50 tliat amplitudes 
modulation of the desired carrier by an interfering earrifd' can be com¬ 
pletely removed only when the amplitude of the interhu’ing carrier m 
somewhat less than that of the desired carrier. When the amplituda 
modulation is completely removed, E of Eq. (9-80) is constant at the 
input to the discriminator. Analysis of Eep (9-84) indicates that ^ 
varies periodically with time and that the fundanumtal fnviuency at 
which <l) varies is the difference between the fre(|uenci(\s of t two carriere* 
The manner in which cj) varies during one diifereinHvfretiuency cycle for 
several values of Ei/Ek is shown in Fig. 9-28a. 

The symmetry of the curves of Fig. 9-28a is mvh that ^ may be 
expressed as an infinite series of sine terms: 

<#) = < 55 >i sin oojcit H- (j >2 sin 2 o)kit -f <#>3 sin Zojkil 4 * * * ( 9 - 86 ) 

Equation (9-80) may therefore be written in the form 

c = Eo sin Lkt sin nmA (9-87) 

\ n«l / 

in which Eo is the constant amplitude of the voltage out |)nt! of the limiter. 
Equation (9-87) is that of a phase-modulated wav(‘ modulated simiil- 
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taneously at frequencies equal to the difference between the frequencies 
of the two carriers and at harmonics of the difference frequency. When 
Ei/Ek is less than 0.5, all terms of the summation of Eq. (9-87) except 
the first are sufffciently small so that they may be neglected in an approx¬ 
imate analysis. Analysis of Eq. (9-84) shows, furthermore, that <i>i is 


approximately equal to Ei/Ek radians when is less than 0,5.^ 

Equa- 

tion (9-87) then becomes 



e = Eo sin (^kt - 

I 

1 

(9-88) 

or 



e = Eo sin (^kt - 

3 

m 

1 

(9-89) 

in which 



^ ; fkiEi 

Jd r;T, 


(9-90) 


Comparison with Eq. (9-72a) shows that Eq. (9-89) is that of a frequency- 
modulated voltage of deviation /,/. Since the amplitude of the output 
of the limiter has the constant value i?o, the output of the limiter when 
the carrier is modulated by the desired audio-frequency signal is 

e, = Eo sin sin (9-91) 


The action of a projxirly designed disciriminator is such that the output 
voltage is pro|)ortional to the deviation of tlie impressed frecpiencsy- 
modulated voltage. Idienvfore, the ratio of the undesired difference- 
frequency output to the desired a-f output of the discriminator is 


N ^ U ^ /,,• Ei 
8 U 


(9-92) 


Comparison of I5qs, (9-85) and (9-92) sliows that the intcrfercnce-to- 
signal ratio is lower in th(i frecpiency-modulation system by the fa(dx)r 
fki/fdMj wliich (H|uals fn/fd when tlie amplitiide modulation factor is 
unity. E](piation (9-92) indicates that the strengtli of the heterodyne 
whistle caused l)y the inteidV’iring carrier in a fre(iu(uu*,y-raodiilate(l 
receiver is proportional to the difference frequency and approaches zero 

^ This may also b(^ secai from an examination of h'ig. 9-28a. If tiu^ sca^ond and 
higher terms of Kq. (9-86) are negligi})le, is approximately (uiual to tlie maximum 
value of the curve of Fig. 9-28a corresponding to the given value of Ei/Ek> Inspection 
of Fig. 9-28a shows that values of the maxima of the (uirvc^s are a|>proximatcdy Ei/bL, 
radians for values of Ei/Ek e(|ual to and less than 0.5* 
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as the carrier frequencies approach equality. It ia loudest when /« 
has its greatest value, which is the highest frequency //, passed by the a-f 
anaplifier that follows the discrinoinator. For a deviation of 75,000 ops 
and a 15,000-cycle a-f band width, Eq. (9-92) shows the maximum 
interference-to-signal ratio to be 


Max. 


N _ 15,000 Ei 
S 75,000' Eu 


0.2 


/4 


(9-93) 


Hence, under the condition least favorable to the frequency-modulation 
system, i.e., when the interfering carrier frequency diffens by 15,000 cps 
from the desired carrier frequency, the suppression of the undesired 
carrier is five times as great as in the amplitude-modulation system. 
Greater improvement results if the a-f pass band is narrower. 

9-34. Use of Preemphasis.—Interference can be greatly reduced by 
the use of freemphasis of high frequencies. In preemj>hasi.s of high 
frequencies the amphtude of the modulation voltage impressed upon the 
frequency modulator of the transmitter is made to in(!rea.se linearly with 
frequency above 1500 cps, and the response of the discriminator is made 
to vary inversely with frequency above 1500 cps. As far as the desired 
signal is concerned, the two effects offset each other, giving a modulation- 
frequency output that is independent of frequency. 9’lie interference 
output of the discriminator, however, is inversely proportional to fu 
above 1500 cps. Since the interference output is also proportional to/,/, 
Eq. (9-90) shows that the amplitude of the heterodyne whistle eamsed by 
an interfering carrier increases hnearly with/,,- below 1500 cp.s and remains 
constant at the 1500-cycle value above 1500 cps. Tho value of th© 
noise-to-signal ratio N/S then does not exceed tlie value obtained when 
Ski is 1500 cps, f.e., Q,Q^Ei/Ejo in a system using 75,00()-(*ycIe deviation 
and 15,000-cycle audio-frequency band width. Hence in such a system 
the use of preemphasis increases the suppression of an undesired carrier 
by a factor of 10, making the suppression fifty tinuis as great as in an 
amplitude-modulation system. The improvement resulting from pre¬ 
emphasis decreases with the a-f band width. 

9-36. Interference of Modulated Carriers.—When one or both 
carriers are modulated, the instantaneous frequency diffiu-cnce /*.,■ varies. 
In a frequency-modulation system without preemplmsis, the difference- 
frequency interference output has its maximum amplitiule only when 
the difference frequency is equal to the maximum frcriucncy passed by 
the audio-frequency amplifier. When preempha.sis is used, the beat- 
frequency amplitude is constant for values of diffm-ence fretiucncy above 
1500 cps. In either case, the maximum value is obtained during only a 
portion of the modulation-frequency cycle. Furthermore, if both wa'ves 
are modulated, the difference frequency is above the a-f amplifier rang© 
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during a part of the timed Hence the average interference amplitude is 
less than when the carriers are unmodulated, and, in a system using 
75,000-cycle deviation and 15,000-cycle a-f band width, the noise-to- 
signal ratio is less than Q.2Ei/Ek without preemphasis and less than 
0.02Ei/Ek when preemphasis is used. 

In an amplitude-modulation system the amplitude of the interference 
output is independent of the difference frequency, and so the noise-to- 
signal ratio is unaffected by modulation of the carriers. 

9-36. Static Interference.—^Although static is not ordinarily a 
periodic disturbance, Fourier theory indicates that it may be considered 
to consist of a continuous spectrum of frequencies. The second term of 
Eq. (9-79) may represent any frequency component in this spectrum. 
Equation (9-80) then represents the instantaneous voltage impressed 
upon the receiver as the result of the desired carrier and the given 
component of the frequency spectrum. 

In an amplitude-modulation receiver, the resulting output is equal to 
sM'Ek, where s is the receiver sensitivity and M' is the modulation factor 
corresponding to modulation of the desired carrier by the given static 
component. It has already been pointed out that Fig. 9-50 shows M' 
to be equal to Ei/Ek. The receiver output corresponding to this com¬ 
ponent is therefore Since the output fre(|uency fn is the difference 
between the frecpiency of the given component and that of the carrier, 
only those static components whose difference in freciuency from the 
carrier lies within the audio-frequency pass band of the receiver con¬ 
tribute to the noise output. The total output caused by static is the sum 
of the outputs resulting from these components. 

^ ^ (9-94) 

in which//, is the upper a-f limit of the receiver and Ei is the amplitude of a 
static component of frequency /. If Ei and s are assumed to be inde¬ 
pendent of /, Eq. (9-94) reduces to 


N = 2>iEifH (9-95) 

in which the value of Ei depends upon the form and amplitude of the 
noise. The desired signal output of the receiver is 


8 = sMEf, (9-96) 

^ When the unmodulated carrier frequencies are equal, the maximum difference 
frequency is equal to twice the maximum frequency pasiand by the a-f amplifier and is 
obtained at an instant when one modulated carrier frequency is a maximum and the 

othei a minimum. 
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Hence the noise-to-signal ratio is 


N ^ ^ 
S MEt: 


(9-07) 


In. a frequeney-modnlation receiver, the ontpnt result,inji from a given 
noise component is 

Nf = E,sU = E,sfu<k^ ^ = Kf - //,■) 1'^,- (9-98) 


The total noise output from a receiver when preemphasis is not uscul is 

^ + ULs. ~ 'V = (9-99) 

The desired a-f signal output is 


8 — Ejcsfd 

and so 

8 E,^ f. 


9-l(K)) 

(9-101) 


Comparison of Eqs. (9-97) and (9-101) shows that for the same a-f band 
wida the noise-to-signal ratio is lower in the frequencty-modulation 
receiver in the ratio Mfn/2fd when high-frequency preemiduisis is not used 
For 100 per cent amplitude modulation, a SOOO-cycdc a-f band width,' 
and 75,000-cycle deviation, this improvement ratio is 1:30. For a 
5000-eycle a-f band width in the amplitude-modulated re<-eiver and a 
15,000-cycle a-f band width in the frequencv-modulat.(‘d recu'iver the 
improvement ratio is 1:10. > ■ 


_ When preemphasis is used, the response of tl.e discriminator varies 
inversely with frequency for difference frequencies above 15(K) cp.s and so 
W/has the constant value ISOOsF,- above 1500 cps and dem-eases Imlow 
1500 cps. If It IS assumed that this value also liolds below 15(K) cps the 
total noise output is given by the relation 


Therefore 


N = 1500s P df ■■ 




^«30O0|x| 


( 9 - 102 ) 


(9-103) 


Comparison of Eq. (9-103) with Eq. (9-97) shows that the noise-to-simial 
ratio IS smaller m the frequency-modulation system than in tlie amplitude- 
modulation system m the approximate ratio 1500M//,,, which is equal to 
f-. when M IS unity and/, equals 75,000 cps. Thisl-arly pmdiels 
arge decrease in static interference observed in fre.iuency-niodulation 
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receivers over amplitude-modulation receivers. Other types of noise 
interference may be analyzed in a like manner. 

A similar analysis shows that the noise output is also smaller in the 
frequency-modulation than in the amplitude-modulation system when the 
receiver is not tuned to a carrier. This is done by letting the two voltages 
in Eq. (9-79) be those corresponding to any two components in the noise 
spectrum, one of which is, in effect, considered to be modulated by the 
other. 

9-37. Interference Caused by Carrier or Static of High Amplitude.^— 

In the analyses of Secs. 9-31 to 9-36 it was assumed that the amplitude 
of the interference input to the receiver is less than that of the desired 
carrier. The analyses show that the interference output is then lower 
in a frequency-modulation than in an amplitude-modulation system, 
and that the superiority of the former increases with the deviation. To 
analyze the behavior of the two systems when the interference input 
exceeds the desired carrier input, it is merely necessary to allow the first 
term of Eq. (9-79) to represent the interference voltage and the second 
term the carrier. Such an analysis indicates that the interference sup¬ 
pression is then greater in the amplitude-modulation than in the fre¬ 
quency-modulation system, and that the interference increases with the 
deviation in the latter. At distances remote from the transmitter, 
therefore, amplitude modulation may be preferable to frequency modu¬ 
lation, and low deviation may be preferal)le to high* deviation. This 
prediction is verified by experimental observations. 

9-38. Advantages and Disadvantages of Frequency Modulation in 
Radio Communication.—The advantages of frequency modulation over 
amplitude modulation in radio (u)mmunication may be summarized as 
follows: 

1. Greatly reduca^d iuterferetK^e from stations operating in tlie same and 
adjacent cdianncls.^ If tlie amplitude of one modulated (barrier is greater than 
twice that of anotlicr of the same frequemy, the interference of the weaker is 
negligible. For a 3 to 1 ratio of signal strengths, a maximum deviation of 75 kc, 
and an audio-freciuency hand width of 15 kc, tlie level of the interference is 
40 db below tliat of the desired a-f output. 

2. Greatly redu<*ed intc^rference from static and otlier noise. Unless the 
noise input to the retunver ex(;e(Mls the desired carrier input, the ratio of the a-f 
signal output to tlie noise output is greater in a frequency-modulation system 
than in an aniplitude-inodulation system and increases with the deviation ratio.^ 

^ Akmsteong, loc. dt; C^koshy, M, G., Proc. I.R.E., 26, 472 (1937); Rodee, H., 
Electronics, May, 1036, p, 22; Wniu, I. R., Gen. Elec. Rev., 42, 18B and 270 (1939); 
Levy, M, L., EMronics, June, 1940, p. 2(5; Guy, R. F., and Moeeis, R. M., RCA Rev., 
6, 190 (1940); Goldman, H., Ekcironics, August, 1041, p. 37; Reich, IL J., Commund 
cations, August, 1942. 
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3. Because of reduced noise interference, a wider a-f band can l:)e used in 
a frequency-modulation system without excessive noise. Greater tone fidelity 
may thus be obtained. 

4. Increased transmitter efficiency. In frequency modulation, increase of 
side-frequency amplitudes with modulation is accompanied by rediuition of 
amplitude of the carrier component and the total power furnished l)y the trans¬ 
mitter remains constant. The transmitter may, therefore, be operated in such 
a manner that its efficiency is high at all times.^ This is in contrast with ampli¬ 
tude modulation, in which the amplitude of the carrier-frequentiy component of 
the modulated wave is independent of modulation factor and the total power 
furnished by the transmitter increases with modulation. 

A difficulty encountered in the use of frequency modulation in broad¬ 
casting is that of maintaining the average carrier frequency constant 
without preventing the desired modulation. This is accomplished in the 
Armstrong system by the use of crystal control (see Sec. 10-47). In the 
reactance-tube system the frequency is kept constant by use of electronic 
automatic frequency control and by more complicated metliods.^ 

In order to obtain the advantage of freedom from interference the 
deviation, and hence the band width, must be large. Tlie great demand 
for broadcasting and other communication channels makes it infeasible to 
use wide bands except at ultrahigh frequencies. The range from 42 to 
50 Me has been set aside for frequency-modulated waves and 2{)() kc has 
been designated as the channel width. This allows a maximum deviation 
of approximately 75 kc for an a-f modulation range up to 15 kc. Although 
low level of natural static constitutes an advantage of ultrahigh-fre(|uency 
transmission, it also has a number of disadvantages. These are 

1. The transmission range is small. Because ultralngli-frcquerM^y waves 
are not reflected by ionized layers of the earth’s upper atrnoH|)}iere, they 
move in straight paths and their range is theoretically limited to the distance 
of the horizon. It has been found in practice that consistent recei)tion may 
be achieved over about three times this range. By l()(‘,ating the transmitting 
antennas on the tops of mountains and tall buildings, ranges of al)out 150 miles 
are now attained. 

2. Buildings, hills, and other objects cast shadows and thus prevemt satis¬ 
factory reception in some areas. 

3. Automobile ignition systems and other electrical equii)ment set up serious 
local interference. 

The Yankee network of the New England region ovoreoines the 
difficulty of limited range by the use of sufficiently close transmitter 

1 Roder, H., Proc. LR.E., 19, 2145 (1931); Chaffee, J. (}., Pro,-. I.R.K., 23. 51S 
(1935); Evbritt, loc. cit. 

“Mobbjson, J, P., ComnunicatioM, August, 1940, p. 12; Proc. LR.E., 28, 444 

/I Qyf 7 1 
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spacing to give complete coverage. The programs that originate at one 
transmitter are rebroadcast at the same frequency by other transmitters 
of the chain without being changed to audio frequency in the process. 
In this manner excellent quality is maintained.’^ 


Problems 

9-1. By meaiLS of the third term of the series expansion for plate current, deter¬ 
mine, for the van der Bijl modulator, the amplitudes of the components of plate 
current whose frequencie.s are the carrier frequency plus and minus twice the modu¬ 
lation frequency. By compaiing these amplitudes with that of the side frequencies, 
show that distortion of the side frequencies increases with percentage modulation. 

9-2. Show that at constant modulation factor the amplitude of the side-frequency 
components produced by a square-law modulator is proportional to the unmodulated 
carrier amx)litiide. 

9-3. Determine the frequencies and the relative amplitudes of the various com¬ 
ponents of the outputs of the circuits of Figs. 9-5 and 9-6 when voltages Ei cos 
and cos are applied to the circuits. Consider three terms of Eq. (9-13) and two 
terms of Eq. (9-16). 

9-4. Find the power supi>lied to a resistance r, by a generator whose terminal 
voltage is of the form of hiq. (9-19), and determine what portion of the power is 
associated with the (uirrier component and with each side frequency. 

9-6. Derive Eq. (9-24). 

9-6. In a diode detector tliat does not use a condenser, if the load resistance is high 
enough so that the dynamic tube cliaracteristic is essentially linear and if the ratio of 
the carrier frequency to the modulation frequency is high, the current that flows 
during the positive half of a carrier cyide may be considered to be sinusoidal in form. 

a. Write an (expression for the instantaneous platce current resulting from the 
application of an ainpliiude-tnodulatcHl voltage to such a dete< 5 tor. 

b. Derive Eq. (9-42). 

9-7. Show that the ecpiation of a rectilication characderistie for an ideal linear 
diode detector using a condcmsc^r is (see St^u 9-23) 


« 2l cokto 4“ (^mL — sin 


where sin, coido = Ik/E, 

9-8. a. From tlu^ (hdcHd-ion eharacteristi(;H given on pagc^ 684, dcjtermine the 
amplitiuh^s of i\m fundanietiial and seexmd-harrnonic (components of thes modulation 
voltage output of a tyixc (UK) diodcc used with a load having d-c and modulation- 
freqiumcy r(‘BiHtan(c(c of 250,000 ohms and negligible carrier-frequency impedance. 
The unmodulatccd input CAivvkv amplitude is 15 volts r.m.s., and the modulation factor 
is 80 per cent. 

h. llccpeat for 100 peer cent modulation. 

9-9. Eepccat Prob. 9-8 for a load having a d-(‘. resistance of 500,000 ohms and an 
ii-c rcsistaiKce of 300,000 olims at modulation frecpiemcy. 

9-10. (kSugg(cHted laboratory (‘xperiment.) 

a. Using tluc eirecuit of Fig. 9-51, adjust the (condenser (I to resonance with the 
5000-cycl(5 inrprcvsscul volta.g(i. Wlnm the (ureuiit is propt^rly tuned, the deflection of 
the c)S(villoBco|)e is a maximum, and tlui pattern is sinusoidal. 


iAemstrono, E. H., Ele(% 69, 485 (1940). 
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b. Using the oscilloscope deflection as an indication of the output voltage, or with 
the aid of a vacuum-tube voltmeter, plot a curve of alternating output voltage as a 
function of biasing voltage Eb. 

c. Using the modulation characteristic of part b, predict the shape of the envelope 
of the modulated wave that will be produced if 60-cyole voltage is impressed in series 
with the 5000-cycle voltage. lise several values of bias and of 60-oyele modulating 
voltage. 

d. Apply to tlie circuit tlie values of bias and modulating voltage assumed in part c 
and compare the wave forms of the output voltage with those predicted in part c. 



Fig. 9-51.—Circuit for determining the modulation characfcoristio of a diode modulator. 

e. Adjust the bias and exciting voltages so as to give a inodulatcid voltage of good 
wave form. Impress the output voltage upon a diode detecitor and observe the wave 
form of the output of the detector for various combinations of detector load resistance 
and capacitance. 
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CHAPTER 10 

TRIGGER CIRCUITS, PULSE GENERATORS, AND OSCILLATORS 


Among the important applications of electron tubes is their use in the 
generation of alternating voltage and current and of random or periodic 
voltage or current pulses. A closely allied application is made in vacuum- 
tube switching circuits, usually called trigger or gate circuits. Since cer¬ 
tain types of pulse generators and oscillators are based upon trigger 
circuits, a discussion of trigger circuits serves as a logical introduction to 
the theory of pulse generators and oscillators. 

10-1. Trigger Circuits.—A trigger circuit is one which, for fixed 
values of supply voltages and circuit parameters, has two states of 



Fig. lO-l.—Banic trigger circuit. 



Fi(}. 10-2.~—Curreiit-voltago diagram for tho circuit 
of Fig. 10-1. 


equilibrium, characterized by two stable sets of circuit currents. The 
value of such circuits arises from the fact tliat they can be made to 
^'triggerabruptly from one state of etpiilibrium to the other by means 
of small impressed c-ontrolling voltages or small changes in circuit 
parameters. 

Triggering may take place in a circuit of the form, of Bdg. 10-1 if the 
current-voltage characteristic of the element N has a negative slope over 
a portion of the o|)crating range. It is evident from the figjire that tho 
voltage E across the element N must be related to the current I through 
the element hy the following equation 


E = E,, - m (10-1) 

E'quation ( LO-l) is tliat of the straight line through tho point on the 
voltage axis correspcindiug to the supply voltage Ebh, having a negative 
slope in amperes per volt ecjual to the reciprocal of the resistance R in 
series witli the element. Since all corresponding values of current and 
voltage througli the clement N are also specified by the characteristic 
curve of the element, it follows that the only values of current that can 
obtain with the given supply voltage and resistance are those correspond- 
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ing to the intersection of the resistance line MN with tlie characteristic 
curve. It can be seen from Fig. 10-2 that, if the characteristic curve has 
a portion whose slope is negative, the resistance line may intersect the 
characteristic curve in three points, 1, 2, and 3. This fact indicates that 
there are three possible equilibrium values of current. 

Analysis of Fig. 10-2 shows that 2 is a point of unstable equilibrium, 
whereas 1 and 3 are points of stable equilibrium. If the current and 
voltage have values corresponding to point 2, any small increase of cur¬ 
rent due to any cause is accompanied by a decrease of voltage across the 
element. More voltage is thus made available to send current through 
the resistance, and so the current rises farther. The action is cumulative, 
the current rising until point 1 is reached. Any further increase of cur¬ 
rent above that corresponding to point 1 would necessarily be accom¬ 
panied by an increase of voltage across the tube, l^he voltage across 
the resistance would therefore have to fall, which could be true only if 
the current became smaller. Hence the current would return to the 
value corresponding to point 1. A similar analysis sliows that if the 
current is initially that corresponding to point 2, any small initial decrease 
of current becomes cumulative, and so the current falls to that of point 3. 

If the applied voltage Eyt is gradually raised from iiiero, the inter¬ 
section of the resistance line with the characteristic curves moves along 
the branch OA of the characteristic curve. When the intersection is at 
A, an infinitesimal further increase of voltage causes the current to fall 
abruptly to the value at E, i.e,, the circuit triggers. Further increase 
of supply voltage causes the intersection to move toward CL If the sup¬ 
ply voltage is then decreased gradually, the intersection moves down the 
branch CB until the point B is reached, from whi(‘Ii tlie current jumps 
abruptly to the value corresponding to point Z). It can l)e seen that 
similar abrupt changes of current take place if the sl()i)c of the resistance 
line is varied by changing the resistance R or if tlie charaxd (vristic curve 
is displaced vertically or horizontally. In trigger circuits incorporating 
vacuum tubes, this displacement can be accomjilished liy varying one or 
more electrode voltages. 

Since the a-c resistance of a circuit element is defiruvd as the reciprocal 
of the slope of the static current-ys.-voltage charac.teristic^ of thc^ elcnnent 
it follows from the foregoing analysis that any c.ircuit (‘Icnnent that lias a 
negative a-c resistance in a portion of its operating range may serve as 
the basis of a trigger circuit. ^ 

^ 1 Lest the negative slope of the resistance line MN in Fig. 10-2 Hliould hcs confusing, 
it IS Well to point out that this line shows the current througli the resist m a func¬ 
tion of voltage drop in the resistance. If the current were plotted an a function of 
voltap applied to the resistance, the resulting curve would have a positive slope and 
would pass through the origin. 
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10-2. Tetrode Trigger Circuits.—The plate characteristics of screen- 
grid tetrodes are similar in form to the curve of Fig. 10-2 (see Fig. 3-9). 
It is to be expected, therefore, that a trigger circuit can be formed by- 
inserting a resistance in series with the plate supply voltage of a screen- 
grid tetrode. 1 The slope of the negative-resistance portion of the plate 

VT-TYPE57 0R607 



Fid. l()-3.-“ Curreiit-voUiijiio diagram for pontodo trigger circuit. 
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characteristics of modern tetrodes is so low, however, that resistances of 
the order of .1()(),(}()0 olims or higher, and correspondingly large values 
of plate sup|)l,y voltage, must bo used. For this reason and because of 
change in shape of the tiil)e characteristie.s with tul)e age as the result of 
changes in secondary emission, this tyi)e of circuit has found little or no 
application. Tlie circuit is mentioned here because of the possibility of 
its use in future problems. The circuit (‘.an 
be triggered l)y varying any of the elccitrode 
voltages or tlie f;cii('S rc^sistance. 

10-3. Pentode Trigger Circuits. —A second r~ §' 

characteristic*, of tlu^ foi-rn of that of Fig. 10-2 am/rof 
is one relating the s(*.re(ui current of a sup- 
presHcjr pentode with, tlu^ s(u*ceM voltages ec% 
when the su|)|)ress()r grid is coupled to the 
scrcKui in such a nuinner tluit a change in 
stu'een voltage is a(‘.C()m])ai licd l)y a proportional 
change in sup|)ress()r voltage, the suppressor 
\'oltage being maintaiiuHl negative and the plat(i voltage positive. A 
typical characiteristic is illustrated in .Fig. 10-3 (see also Fig. 10-43).^ 
A trigger cvircuiit cum bo formed l)y inserting a high resistance in series 
with the scrtHUi voltage supply, as in the circuit of Fig. 10-4.^ In this 
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1 Reich, H. ,h, PJlectronirs, August, 1939, p. 14. 

2 Heuold, K, W., Proc. I.ILPJ,, 23, 1201 (1935). 
IIeich, n. J., Rf'v. Sri. histrummtfi^ 9, 222 (1938). 
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circuit the screen and suppressor grids are coupled by means of the I’csint- 
ance R 2 , and the suppressor grid is maintained negative by means of the 
resistance i?i. The circuit may be triggered by means of voli-ages in 
series with any of the electrode supply voltages, by voltages |)ulseB 
impressed upon one of the grids through a condenser, as shown in h ig. 
10-4, or by changes of circuit resistances. The control grid is th(^ most 
sensitive triggering electrode. The values of the supply voltages ai*(^ not 
critical, but the proper relation must be maintained betweevn tliem. 
The circuit constants shown in Fig. 10-4 are typical. The resistaiu^e /th 
is not required but may be used for the purpose of obtaining a voltage 
output from the plate circuit. 

The physical explanation of the operation of the circuit of Fig. 1 0-4 
is based upon the fact that the negative suppressor prevents some elec¬ 
trons from reaching the plate and causes them to return tow^ar<l a,nd strike 
the screen. An increase of negative suppresvsor voltage (uiuses more 
electrons to be returned to the screen and thus increases tlie screen cur¬ 
rent. Suppose that the screen current in the circuit of Fig. 10-4 has its 
lower equilibrium value and that the screen voltage is reduced, Beeau8e 
of the screen-suppressor coupling, the reduction of positive sc.rc^en voltage 
is accompanied by an increase of negative suppressor volt^ige. Altlioiigh 
the decrease of screen voltage tends to decrease tlie screen (uirrent, the 
associated increase of negative suppressor voltage tends to increase the 
screen current. In certain ranges of operating voltages the inen^ase in 
screen current resulting from the increase of negative BUi)i>ress{)r voltage 
exceeds the decrease resulting from the decrease of positive screen voltage, 
and so the net result is an increase of screen current. Since lit drop in 
the screen circuit resistance Rz causes the increase of screen cnirrcnt to be 
accompanied by further drop in screen voltage, the iudlon becomes 
cumulative and the screen current continues to rise. As tlu^ m^gative 
suppressor voltage increases, the effect of the sui)prcss()r voltage uiK)n the 
screen current becomes smaller and finally, when no ehaviroris strike tlie 
plate, is practically zero. At some value of suppressor voltages thercvfore, 
the effect of the changing suppressor voltage bccouK^s l(\ss tluin that of 
the changing screen voltage. As further decrease of scremi volt age would 
then cause a decrease of screen current, the current cannot continue** to 
rise. It then has its higher stable value. The action may ho reversed 
by a suitable increase of screen voltage. Because an inen-easo of Hc*reeii 
current is accompanied by a reduction of plate current, the |)lat(s current 
also has two stable values, the higher of which corresponds to the lower 
value of screen current. By proper choice of voltages and circuiit con¬ 
stants, the lower value of plate current may be made zero. This is impor¬ 
tant in certain applications of the circuit. 
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10-4. Eccles-Jordan Trigger Circuit.—The most frequently used 
trigger circuit, first described by Eccles and Jordan/ is shown in basic 
form in Fig. 10-5. The functioning of this circuit depends upon the fact 
/hat current flows through only one tube at a time. Assume, for the 
i purpose of explanation, that a condition of equilibrium exists in which 
both tubes conduct simultaneously. Any small increase of current in 
either tube, due to any cause, increases the 
voltage drop in the corresponding coupling 
resistance and thus increases the negative 
grid voltage of the other tube and thereby 
decreases the plate current of the other 
tube. This in turn reduces the negative 
grid voltage of the first tube and thereby 
causes further increase in the plate current 
of the first tube. The action is cumulative 
and so one platci current rises while the 
other falls to zero. 

The action of tlui Eccles-Jordan circuit can also be analyzed with tlie 
aid of the current-voltage characteristic of the circuit. Figure 10-6 
shows a curve of e.xtcrnal (nirrcnt that flows as the result of the applica¬ 
tion of direct voltage l)ctwcc‘.n |)()ints A and B of the circuit of Fig. 10-6 
(see also Fig. 10-4()). Since tliis curve has a portion with negative 
slope, tlie theory of Sec;, 4-1 predicts that triggering sliould take place if 
a voltage source Ehb in sericjs with a resistance R is (;onnected between 

points A and B, as slxown by the dotted 
linens of Fig. 10-5. The corresponding 
resiHtan(;e line MN may intersect the 
cliai-acteristic curve in three points, as 
shown in Fig. 10-6, if the slope of the 
resistance line is less than the slope of the 
(;hara(;tcristic curve at the origin, i,e., if 
the resistance R exceeds the negative 
resistan(;e at the origin. Abrupt changes 
of current through R and of voltage 
between A and B can l')e made to occur 



iigi'jun for thc! r;<u4(Ns-Jor(lan 
circuit- of Fig. 10-5, 


by varying or l)y slufting the cViaracteristic curve by changing the 
operating voltagen of tiic tubes. 

If B is increased, tlie line MN becomes more nearly horizontal and, 
in the limiting case when R is infinite, coincides with the voltage axis. 
Making R infinile is, of course, equivalent to eliminating tlie external 
circuit made up of Em, and B. The external current is then zero, but 
1 Eccr.i.:is, W. H., and .Jobd.w, F. W., Radio Rev., 1, 143 (1919). 
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changes in electrode voltages can cause abrupt transfer of current from 
one tube to the other and a reversal of voltage between A. and JL The 
magnitudes of the two values of this voltage are given by tlie intercepts 
P and Q of the characteristic on the voltage axis. If the circuit is in all 
respects symmetrical, these two values of voltage are of eciual nuignitude 
and are equal to the product of Ei and the equilibrium i)late current of 
either tube. Ordinarily this circuit is used without tlie ext(U‘nal n^sistance 
R and the voltage supply Ehb, the circuit being triggered by changes of 
grid or plate voltages of such polarities as to reduce tlie plate cairrent of 
the conducting tube or as to cause plate current to flow in the non¬ 
conducting tube. 

Figure 10-7 shows a practical form of the Eccles-Jordan trigger circuit 



Fig. 10-7.—Practical form of the 
Jordan trigger circuit. 


that requires only one voltage source. 
In this circuit tlie grid of one tube 
is coupled to the iilato of^ the other 
by means of resistance Ra and the 
correct operating grid voltages are 
maintained by means of tlie resist- 
ances Ro'. The circuit may be trig¬ 
gered by means of voltages introduced 
in series with tlie electrodes, by 
changes of circuit rc^sistanees, or by 
means of voltage iiulses ariplied to 


one or more electrodes through transformers or througli a condenser, as 
shown in Fig. 10-4. ’ 


of the condensers Cc, which are essontiul only when the 
circuit is triggered by means of voltage pulses of short duration, is to 
prevent the objectionable effects of intercloctrode capaeituMces. Grid- 
cathode capacitance tends to prevent tiie grid voltage from changing 
relative to the cathode. Grid-plate capacitance coujiles the grid of each 
tube to the plate of the same tube and thus tends to prev'ent triggering. 
(If tube 1 is conducting and the plate current starts to fall, t he resulting 
reduction in voltage drop in the resistance 14 causes tlie iilatc voltage to 
rise. Since the voltage across C„p cannot change instantaneously, there 
IS a corresponding rise in grid voltage, which tends to iirevcuit the reduc¬ 
tion of plate current.) Plate-cathode capacitance tends to prevent the 
plate voltage from changing relative to the cathode. The inf erelectrode 
capacitances therefore act in such a manner as to inerease tlie time 
required for triggering and to reduce the reliability of operation. Con¬ 
densers Cc, the capacitance of which exceeds the intorelcHitrode capaci¬ 
tances, reduce the undesirable effects of the grid-catliode and grid-plate 
capacitances. Because the voltages across these (amdensm-s cannot 
change instantaneously, a change of voltage of either' {date results in a 
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Rc< 


nearly equal instantaneous change in voltage of the grid of the other 
tube. When the condensers are omitted, on the other hand, the change 
in grid voltage cannot exceed the change in plate voltage multiplied by 
the ratio R//(Be + R/), and the action of the interelectrode capacitances 
may reduce the change in grid voltage considerably below this value. 
The capacitance of the condensers Ce should not be larger than necessary, 
since the charging and discharging of these condensers immediately 
following triggering cause exponential variations of the circuit currents 
and voltages that are objectionable in some applications. Fifty micro¬ 
microfarads is usually a satisfactory value. 

Figure 10-8 shows a modification of the l)asic Eccles-Joi-dan circuit 
that has desirable characteristics.^ In this circuit the HU[)press()r grids 
of pentodes serve the same function as the triode grids of the circuit of 
Fig. 10-7. A constant positive volt¬ 
age is applied to the screen grids, 
as in the use of pentodes as volt¬ 
age amplifiers, and tlie control 
grids are used for triggering the enr- 
cuit. Because the high negative 
voltage of the suppressor grid of 
the nonconducting tube prevents 
the flow of plate current regardless 
of the voltage of the control grid, 
the circuit cannot be made to i.rig- 
ger by the application of i)()sitive voltage to i.he control grid of 
the nonconducting tu1)e. Ajrplic.ation of nc^gativc’^ voltage to the con¬ 
trol grid of the conducting tube, liovvevru*, r(Mlu(!c\s its current and thus 
triggers the circuit. If short negative voltages pulses are applied simul¬ 
taneously to both grids, the plate currents of both tubes remain ssero 
throughout the duration of eacli pulse. During tliis time the condensers 
Cc cause the suppnissoi* of tlie tiilxi wliich has been conducting to be more 
negative than that of tlie other tulxi and thus cause tlie current to tmrxHfer 
to the other tul)e at tlie end of the triggering pulse.The m.m of the 
condensers should lie such that thc’i tinui taken for them to charge or dis¬ 
charge from one equihhriurn value of voltiige to the other value is large 
in comparison with the duration of the triggering impulse, but small in 
comparison with the time lie tween successive pulses. Their capacitance 
should also exceed tlie intorcleotrodc capacitances. Coridensors of 
50 iMjJii capacitance are usually satisfactory. Ileliablc'! triggering necessi¬ 
tates the use of triggering pulses of very short <luration. The inu'iiose 
of the resistors Ri is to maintain the control grids at cathode potential 
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between triggering impulses. If the grids are allowed to float, stiay 
fields cause random or periodic triggering. 

The functions of the control and suppressor grids in the circuit of 
Fig. 10-8 may be interchanged, but the circuit is then sensitive to trigger¬ 
ing voltage of either polarity. It is also possible to connect tlie control 
and screen grids of pentodes as the triode grids and plates, rcs|)ectivel 3 ^, 
are connected in the circuit of Fig. 10-7, and to take the output voltage 
or current from the plate circuits. 

10-6. Design of Eccles-Jordan Trigger Circuits.—Tlxe values of the 
resistances Bh, Be, and Be are not critical in the circuits of Figs. 10-7 and 
10-8, but it is essential that the circuit be symmetrical Small inequal¬ 
ities of the resistances in the two halves of the circuit or ditTerences in 
the characteristics of the two tubes tend to make one tube or the other 
carry current continuously. The plate currents decrease with increase of 
Bb, and the voltage across Bb inbreases. The choice of Bh is therefore 

governed to some extent by whether 
a current or voltage output is de- 
Rc sired from the circuit. There is also 
a minimxim value of Kb below which 
the circuit does not have the nega- 
Rc tive-resistance characteristic essen¬ 
tial to triggering (see Prob. 4-5). 
Be and K/ should be at least four or 
Fig. 10-9.— Self-biased Eccies-Jordan trig- five times as large as Bh and may con¬ 
ger circuit. veniently be made eciual. Typical 

resistance values are Bi = 10,000 ohms and Bo = Bo' == 250,OOO ohms. 
Supply voltages of 20 volts or less may be used in these citxniits, but the 
voltage output available across Bb increases with supply voltage. The 
circuits are not critical as to type of tube. The voltage divider 
used to provide grid bias in the circuits of Figs. 10-7 and 10-8 may Im 
replaced by a properly chosen biasing resistor in the common (xithode lead 
of the two tubes, as shown in Fig. 10-9. (This may be accomplislMKi in 
effect by disconnecting the positive end of the voltage divider from the 
voltage supply in the circuits of Figs. 10-7 and 10-8). 

10-6, Applications of Trigger Circuits.—^Any of the (fircuit ciirrents 
of a trigger circuit may be used directly to operate a relay or otlier current- 
controlled device if the inductance or resistance of the devic^e is not so 
great as to prevent triggering. It is preferable, however, to use the 
voltage drop across one of the resistors to control the plate ciirnsnt of an 
amplifier tube, which may in turn be used to operate tlie relay or other 
device. Although voltage output may be taken diixHjtly from one of the 
resistors if the resistance of the load is so high as to |)revent unl)alancing 
of the circuit, the use of a voltage amplifier between the trigger circuit 
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and the load is usually adi^isable. The circuits may be triggered by 
means of voltages applied to one or more electrodes, as already explained. 
Usually the circuits are so sensitive that the change of electrode voltage 
resulting from touching one of the tube electrode terminals is sufficient to 
cause triggering. The circuit of Fig. 10-8 can be triggered by negative 
control-grid voltage as low as } volt. Any of the Eccles-Jordan circuits 
may also be triggered by means of changes of illumination if phototubes 
are connected in series with or in place of the resistances Rc or in parallel 
with or in place of the resistances J2/. Trigger circuits are used as the 
basis of pulse generators, relaxation oscillators, switching circuits, count¬ 
ing circuits, frequency meters, time and speed meters, and other impor¬ 
tant circuits. Most of these applications will be taken up in this chapter 
and in Chap. 15. 

10-7. Circuits for G-enerating Triggering Pulses. —In order to ensure 
reliability in triggering, the triggering impulses applied to trigger circuits 



Fia. 10-10.—Pulso-aharpeiiiog circuit (dif- Fia. 10-11.—I’orm of the pulao pro- 
ferentiating circuit). duced by an abrupt change of diroflt voltage 

iraproBsod upon the circuit of Fig. 10-10. 

must be of very short duration. Suitable pulses may be produced by 
means of the simple circuit of B'ig. 10-10 if R and C are small. An 
abrupt change of direct voltage impressed upon the input to the circuit 
is followed by an exponential charging or discharging of the condenser. 
The flow of current through the resistance R during tlio charging or dis¬ 
charging time produces a pulse of output voltage of the exponential form 
shown in Fig. 10-11. The duration of the pulse can be made as short 
as desired by making R and C small.' If the input voltage is a periodic 
wave having discontinuities, such as a rectangular or triangular wave, 
an output pulse is produced at each discontinuity of input voltage. 
Figure 10-12a shows a typical wave of output voltage produced by square- 
wave input voltage. The output voltage produced by a triangular 

The equation of the pulH(i of Ifig. 10-11, derivotl under the assumption that tho 
inductanee in series with C and the capac.itancQ slumting R are nogligildo, is 

in which AE{ is the change in direct input voltage. Tho series inductance and 
shunting capacitaners tend to prevent sudden ohangcas in output voltage and thus 
make it difficult to attain the rapid rise in voltage shown in Fig. 10-11 when tho puke 
is of very short duration. 
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wave of input voltage consists of periodic pulses of one polarity oiily^ 
as shown in Fig. 10-126. 

The resistance jS of Fig. 10-10 may serve also as one ol tlie trigger- 
circuit coupling resistances, such as UJ of Fig. 10-7, Mi of Fig. 10-8, or 
the first-grid resistor of Fig. 10-4; and C may serve as an in|)ut coupling 
condenser, such as that of Fig. 10-4. Figure 10-13 shows a modification 

of the circuit of Fig. 10-10 tliat makes 
possible triggering l)y the opening 
and closing of a switch. A pulse of 
one polarity is produced when the 
switch is closed, and of opposite 
polarity when it is o|)ened. The 
resistance Rd of Fig. 10-13, which 
serves to discliarge tlie condenser 
when the switch is ()|)ened, should be 
small in comparison with R/ or Rt, 
Periodic triggeritig |)ulHes may be 
derived from a. sinusoidal voltage by 
first transforming tlie sinusoidal 
voltage into a re(*t.angiibir wave and 
impressing tlie latter upon the input 
of the circuit of Fig. 10-10. A simple 
peak-clipping^^ circuit by means of which a sine wave may be converted 
into a wave approximating rectangular form is shown in Fig. 10-14, The 
output voltage increases with input voltage niitil the instantaneous 
impressed voltage is approximately equal to tlic diodes biasing voltage. 
Current then starts flowing in one of the diodes and tlie nssvdting voltage 
drop in the series resistor prevents appreciable furthen* ris(^ of output 



Fig. 10-12. —Wave forms of output 
voltages produced by the application of 
square and saw-tooth waves of voltage to 
the input of the circuit of Fig. 10-10. 



Fig. 10-13.~Circuit for generating trig- Fio. |{1-14.- IVnk-<‘lipinn« cirf‘uit for 
gering pulses by the closing and opening of a the production of voltng{‘H of rectangulap 
switch. wave form. 


voltage. The solid curve of Fig. 10-15 shown tlie form of the output 
voltage, which may he amplified and applied to another peak-<!lii>ping 
stage in order to make the reversal of voltage more ahnipt. By the 
use of a number of stages, the voltage may bo made f;o approach jis 
nearly as desired a true rectangular wave. Peak clii)|ung may also l)e 
accomplished by means of a limiter of the tyjxi di.scuHsed in See' 0-30, 
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Syninietiical voltago pulses may be produced with the circuit of Fig. 
10-14 by taking the output from across the resistance, instead of across 
the tubes, and making the diode biasing voltage so high that current 
flows thiough the diodes only at the peaks of the voltage waves. If only 
one diode is used, the pulses are of one polarity only; if two diodes are 
used, as in Fig. 10-14, alternate pulses are of opi>osite j)olarity. Similar 
results are obtained by applying a sinusoidal voltage to the input of a 
Class C amplifier biased considerably l)eyond cutolf. If the amplifier is 
single-sided, the pulses are of one polarity only; if the amplifier is push- 
ptill, alternate pulses are of opposite 
polarity. / 

Sharp periodic voltage pulses can / 
also be generated by a self-biased / 
sinusoidal oscillator in which the bias¬ 
ing resistor and condenser are so large ^ ^ ^ 

that oscillation ceases after a single \ J 

cycle of oscillation and does not start Fkj. 10 - 15 .—-luptifc and output voit- 
again until the lapse of a|)iK'e(‘ia))le 

time. The tlieoiy of such an oscillator is discuss(Hl in Sec. 10-38, and a 
typical ciicuit diagram and the iorm of the output voltage are shown in 
Figs. 10-58 and 10-59. 

10-8. Rectangular-wave and Rectangular-pulse Generators.— Rec¬ 
tangular waves of voltage are iii-oduced a(u*oss tlio screen and plate 
lesistors of the circuit of tig. 10-4 and a(*ross tlie |)late resistors of the 
circuits of Figs. 10-7 and 10-8 when tlie (dreuits arc triggered periodically. 
If alternate pulses are spactnl so that the (‘ircuits rcniain in one e(|uilibrium 
state longei than in i/lui other, tlu^ ])ositive and negative halves of the 
lectangulai waves are ol uiUHpial duration. Random rectangular pulses 
may be generated by tlu^ use ol two triggering im|)ulses separated in time 
by the lecpiiied duration ot tlui ])ulse. *"l lie first impnise triggers the 
circuit in one direction, and th(‘. se(‘on(l in tlu^ other. 

1 eriodic or random r(a*,ta.ngiilar voltages or (‘.nrnvnt pulses of con- 
tiollable length, init.iai-ed l)y single trigg(u*ing iinpnlses, may also be 
generated by unbalau(*.ing a triggtvr cdr(uiit in sucli a manner that it 
normally remains in one (Miuilil)rium state, and ivturns to that state after 
a short time interval wlum triggtnvd into the oilier eciuilibrium state. 

I his may be ac.complished in the Fceles-Jordan type of circuit by replac- 

one coupling i csistance A*, liy a condeiiser, A tyjiicad (dreuit is shown 
in Fig. 10-16. 



Ihc ciicuit of Icig, lO-H) operates as follows. The voltage dividers 
controlling the giid biases ar(‘ adjustcKl so that tube Ti normally con¬ 
ducts, but so that th(‘, circuit (^an be triggered, Aiipruaition of a ru^gative 
triggering impulse to the grid of 7h stops the plate curremt in Ti and starts 
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it in. T 2 ,. The resulting voltage drop in Jth lowers the plate voltage of T 2 
and hence the voltage impressed upon the series combination of RJ 
and Cc. Co therefore starts discharging. The discharge current ii flows 
through Ro in the indicated direction and thus produces a voltage drop 
that biases the grid of Ti beyond cutoff. As Co discharges, liowever, the 
discharge current falls exponentially and so the negative; bias of Ti 
gradually becomes smaller. After a time interval that is determined 
principally by the size of RJ and Co and to a lesser extent by the value of 



Fig. 10-16,—Circuit for the production of rectangular voltage pulsoH of <u>ntroUahle lengtlu 


and of the supply voltage, the grid voltage of Ti riscH al)ove cutoff. 
Current then again starts flowing in Ti, and the circuit trigg(;rs l)ack to 
its original state of equilibrium, in which no current flows in ^ Because 
the discharging and charging of Cc immediately following triggering 
produces an exponentially changing component of current throngli 
the voltage across Bb rises and falls exponentially, as shown in Fig. 10-17. 
If the resistance Rb is sufficiently small in comparison with Ji/, however, 
so that the condenser current does not greatly affect tlie voltage drop in 
Bb, the voltage pulse produced across Ri, is approxi¬ 
mately rectangular. It can be made t»ruly rectan¬ 
gular by passing it through a (jircuit of tlie form of 
Fig. 10-17.—Volt- fO-lO or a limiter type of am|)lifier such as that 

age pulse produced by discusscd in Scc, 9-30. Periodic pulses are obtained 
t^e circuit of Fig. 10- periodic triggering puls(\s. The pulse 

length is controlled by varying lij or (7^. 

10-9. Vacuum-tube Oscillators.—Advantages of electron-tulic oscil¬ 
lators over alternators in the generation of alternating voltage and currcuit 
include their wide frequency range, the freedom from liarmonics of 

^ The circuit may also be analyzed by making use of the fact that it takes time for 
the voltage across a condenser to change. Since the voltage aciroHB (7, caiinot change 
instantaneously, the grid voltage of Ti is lowered by an amount that in initially equal 
to the abrupt reduction of plate voltage of T 2 ^ The high negatives voltage thus 
applied to the grid of Ti prevents this tube from conducting, Tlie drop in voltage 
across 2?^, caused by the flow of ib 2 , however, causes Ca to discharge through /?/. The 
exponential reduction of voltage across Cc is accompanied by a corresponding gradniil 
reduction of negative grid voltage of Ti until triggering takes place. 
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certain types and the richness in harmonics of others, their eonstancy of 
frequency, the ease with which their frequency may be varied, their 
portability, and their comparatively low cost. The fact that the ampli¬ 
tude and frequency of the output of electron-tube oscillators may be 
rapidly varied by means of voltage is one of the factors that have made 
possible the development of radio communication and broadcasting. 
Electron-tube oscillators have become an indispensable part of the 
equipment of scientific, educational, commercial, and defense laboratories. 

The following classification, although it is not complete as to modifi¬ 
cations of fundamental types, indicates the principal kinds of vacuum- 
tube oscillators: 

1. Relaxation: 

a. Glow-diHcliarge and arcwlischarge. 

h. Multivibrator. 

c. van der Pol (negative-trauKconductance). 

d. Saw-tooth-'Wavo, using high-vacuum tubes. 

2. Negative-resistance: 

a. Dynatron, 

K Negativo-transcondu(d/ance (transitron). 

c. Push-pull. 

d. Negative-.grid-resistance. 

c. IlesistaiuHi-capacitance-tuned. 

3. Feedburck: 

a. Tuned-plate. 

Tuned-grid witli indiu^tive feedback. 

c. Tuned-grid with (capacitive feedbac^k. 

d. Hartley. 

e. Colpitts. 

/. Tune(l-grid'-tunc(l-piato and other (somplex types using more than one 
tuned circniit. 

g. EesistaiK*(i-(aipiU!itiuu!e“tune(l. 

4. Magnetostriction and piezoelectric,. 

5. Heterodyne. 

6. Ultrahigh-fre(|uency: 

a. Positive-grid. 

h. Magnetron. 

c, V(d()city-in()duhiti()n. 

7. Ionic;, 

8. Me(;harvical-(;Iectroni(;. 

10-10, Relaxation Oscillators,— Relaxation OBcillators are oscillators 
in which one or more; (uirrcuitH or voltages change abruptly* at one or 
more times in tlie cyeit; of oscillation. In certain applications, relaxation 
oscillators have a nuinl)er of advantages over oscillators that give a 
sinusoidal output. Among these advantages are the number and ampli^ 
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tude of harmonics present in the output; the ease with which the fre¬ 
quency may be stabilized by the introduction into the oscillating circuit 
of small voltages whose frequency is a multiple or submultiple of the 
oscillator frequency; the wide range of frequency that can be obtained 
with a single oscillator; and the compactness, simplicity, and low cost of 
relaxation oscillators. They are of particular value in the production 
of saw-tooth voltages required for the operation of cathode-ray oscillo¬ 
graphs (see Sec. 15-20). The high harmonic content of relaxation 
oscillators, on the other hand, makes them unsuitable for applications 
in which sinusoidal wave form is essential. 

Glow- and arc-discharge tubes are often used in relaxation oscillators. 
The operation of glow and arc relaxation oscillators is ip closely asso¬ 
ciated with the theory of glows and arcs that they can be discussed best 
in Chaps. 11 and 12, which deal with glow- and arc-dischkrge tubes and 
circuits. Relaxation oscillators using high-vacuum tubes are based 
upon the trigger circuits discussed in Secs. 10-2 to 10-5. Condensers 
are incorporated in these circuits in such a manner that triggering from 
one state of equilibrium to the other is followed by the charging or dis¬ 
charging of one or more condensers. The resulting gradual change of 
condenser voltages produces corresponding changes of electrode voltages. 
Critical values are eventually reached at which the circuit triggers to 
its original state of equilibrium. Triggering is again followed by gradual 
changing of condenser voltages to values at which the circuit again 
triggers and the cycle repeats. 

10-11. The Multivibrator.—The most frequently used type of high- 



PiG. 10-18.—Multivibrator. 


vacuum-tube relaxation oscillator 
is the multivihratof, shown in 
basic form in Fig. lp-18.^ Com¬ 
parison with the Eccles-Jordan 
trigger circuit of Fig. 10-8 shows 
that the multivibrator is derived 
from the Eccles-Jordkn circuit by 
replacing the resistors Rc by con¬ 
densers Cc. The action of the 


multivibrator is similar to that of the pulse generator of Fig. 10-16, 


explained in Sec. 10-8. Figure 10-19 shows current directions and 


typical voltages in the circuit immediately following transfer of current 
from tube Trto tube 7^2. The cessation of current in Ti causes the plate 
voltage of Ti to rise^ and the start of current in causes the pl^ite voltage 
of T 2 to fall. Since the plate voltage of Ti is impressed across the series 


^ Abraham, H., and Bloch, E., Ann. Physik, 12 , 237 (1919). 

2 Because of the flow of condenser current h through Rhi, the plate voltage of Ti 
does not immediately rise to the value of the plate supply voltage. 
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?r impressed across 

tlie mbiiuition oi i? i and C,i, the sudden change in plate voltages 

causes a condenser discharging current n to flow out of Cn and a chaiST 
current .. to flow into (7... The flow of through Ws the gTof 
Ti negativel,y and pie\ents it from conducting; the flow of fa throuffh 
S., «.d the grid of T I.i»» the erid of T, poeili™!, ^nd th™ Wpet 
conducting. A., C.. di.cchargee and chargee, however, the eurroS 
and II decrease exponentially and » the biaaing voltagee become smaller 



.1'i(.x. 10-19, Iiisttuitiiiiooihs curront.s luul volldityt's in mnitix,-;! j 

inK ,.f t::b^rrto -Uftediatoly foltiw- 

The negative bias of 'l\ eventually becomes so small tliat nlate curforn 
starts flowing ui 7', and the circuit triggers.^ The tiai^i^ “ 
rom A to it IS followed by a similar series of events, the directions of 
the currents and being such as to maintain the grid of 7\ nositive 
and that of J-, hogativo. A., C.. chargee and ft. died Ae , 1 trden^ 
currente, and hence the Inaemg voltngcn, gradually become amaller nSi 
the circuit again triggers, fl’he cycle then rejieats. 

Figure 10-20 shows tlie wave forms of tlie grid voltage and the grid 
current of eithertube. i liefactthat o gnu 

the voltage is small during f he jiosi- 
tive portion of the eyele is e.xplained 
by the flow of grid eurreiit duringthe * 
time the grid is positive. Beeause 
the grid current t „2 risi's rapidly with 
increase of iiositivi* grid voltage and 
produces a voltage drop in 74,, the 
grid voltage cannot swing far posi¬ 
tive. fl he more rajiid change of 
grid voltage during the positive portion of the cycle than during the 
iiegative iwi turn is also caused by the flow of grid current. 74,/ is shunted 
by tie grid resistance of 7’,, which is small in comiiarison with both /i.a' 

part of the evS tl ‘‘■.vefle. During the positive 

part of the (..yek, theretore, the cliargmg current of C ,2 is limited almost 

toomoteon^sS’." “rcuit in HUKgostofl by the 



l()-2(). -Wuvo form of grid mir- 
r(‘nt luid grid voltjigo in a Hyinmotrical 
multivibrator. 
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entirely by Ehi. During the negative portion of the cycle, however, the 
grid resistance is practically infinite,' and so the discharging current is 
limited by fiji + Ed'- Since Eot is considerably larger than the 
condenser charges much more rapidly during the positive part of the cycle 
than it discharges during the negative part. Because the grid voltage 
of the conducting tube falls to zero more rapidly than the negative grid 



Pig. 10-21.—Typical wave form, of con¬ 
denser voltage in a symmetrical multivi¬ 
brator. 



Fig. 10-22..-Typical wave form of grid- 

to-grid voltage in a synmietrical nmltivi- 
brator. 


voltage of the other tube rises to the value at which plate current Htarts 
flowing, triggering is determined by the grid voltage of the nonconducting 
tube, and the period of oscillation by the rate of rise of negative grid 
voltage. Typical wave forms of condenser voltage, grid-to-grid voltage 
and plate-to-plate voltage in a symmetrical circuit are shown in Figs! 
10-21 to 10-23. The plate-to-plate voltage is of the form of Fig. 10-23a 



1 JO-23—Typical wave forms of 

plate-to-plate voltage in a symmetrical 
multivibrator. 






l^iG. 10-24.—-Ty in cal forma of to) 

grid-to-grid voltage and (6) pIak»-to-pla,t# 
voltage m aii aByrnmetricTil multivibrator. 


... -- V an,.. . 

““1 “ "f ‘I-® 

large Typical eurvfwi cgrid rcMistore 
arge. Typical curves of gnd-to-gnd and plate-to-plate voItaire in 

asymmetrical circuit are shown in Fig. 10-24. 

The multivibrator is not critical as to tube tvne sunniv vnltao.« 

IX zxs r *».S;’an:i t rts 

‘The negative neak f • i ^ negative resistance between 

The negative peak of gmd current is caused by charging of the grid rapaoitam*.’ 
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90 \/. 

i'la. 10-2E.—-Van der Pol 
relaxation oscillator. 


plates (see Prob. 4-5). The frequency of oscillation increases with 
decrease of resistances and capacitances. The output voltage may be 
taken from across any of the circuit elements. Unless the impedance of 
the load is very high, however, it may be advisable to connect the load to 
the output of an amplifier which is directly coupled to the multivibrator. 

10-12. Van der Pol Relaxation Oscillator. —Figure 10-25 shows the 
circuit of the van der Pol relaxation oscillator,^ which may be derived 
from the pentode trigger circuit of Fig. 10-4 by 
replacing the screen-suppressor coupling resistor 
by a condenser. The circuit functions as fol¬ 
lows; Triggering from the higher to the lower 
value of screen current causes an abrupt rise of 
screen voltage as the result of decreased voltage 
drop in the screen resistor. Because the volt¬ 
age across the condenser cannot change instan¬ 
taneously, there is an initial change of suppressor 
voltage equal to the change in screen voltage. 

The decreased negative suppressor voltage main¬ 
tains the lower screen current, but a charging current immediately 
starts flowing into tlie condenser through and Ri, As the voltage 
across the condenser rises, the suppressor voltage becomes more nega¬ 
tive and finally reaches a critical value at wliich the circuit triggers back 
to the higher value of screen current. The resulting abrupt fall of screen 
and suppressor voltages is immediately followed l)y discharging of the 
condenser and exponential rise of supprcissor voltage iiritil the circuit 
again triggers. Figure 10-26 shows a typical wave of condenser current 

or suppressor or screen voltage. Tlie wave is 
asymmetrical because^, during the charging of the 
condenser the scrc^en current lias its lower value 
and, if tlxe siippreBsor swings positive, suppressor 
current flows. The flow of supixressor current, 
togetlier witli the decrease of screen current and 
tlie resulting incrcuise in the portion of the cur¬ 
rent through Jis that flows into C, causes the con¬ 
denser voltage to change more rapidly than during the discharge of the 
condenser, wdien no suppressor current flows and tlie screen current is 
higher. The wave form of the condenser voltage is similar to the wave 
shown in Fig. 10-21, l)iit the rising portion of the wave is of shorter dura¬ 
tion than the falling portion. The frequency of oscjillation increases with 
decrease of Jii and C, also affects the freciuency, both because it 
affects the rate at wliich the condenser charges and discharges and 

Ivan dee Pol, B., Phil, Mag., 2, 978 (1926); Pack, R. M., and Cxjetib, W, F., 
Proc, LE.E., 18,1921 (1930); Hebqld, E. W., Proc. 28, 1201 (1935). 


Fig. 10-26.—Typical 
wav© form of coiidenHor 
current or scroeu or Hup- 
preasor voltage in the cir¬ 
cuit of Fig. 10-25. 
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because it determines the voltages at which the circuit triggers. An lli 
is increased from'a low value, the frequency first (l(M:vreji8c\s,/|ms»es 
through a minimum, and then increases.^ 

10-13. Relaxation Oscillators for the Generation of Saw-tooth 
Waves.2—By adjustment of circuit constants and operating voltages, the 
condenser voltage in the ciremit of Fig. 10-25 
can be made to have the saw-tooth wave* forms 
(c<) shown in Fig. 10-27. Siitular waves cairi be 

obtained from across tlie condemsevrs of tin 
asymmetrical multivibrator. Witves of the foriii 
of Fig. 10-276 are useful in conueevtion with the 



operation of cathode-ray oscillographs (see Sec* 
15-20) and cathode-ray tedevisiou e(|ui|>rnerit. 
Figure 10-28 shows another <*ireuit, basiai 

J.' JLVX. - AypiUtli ^ , 

waves of condenser voltage upon the pentode trigger circuit of Fig. ! C)-4| 
25,^io-28!°and 10 - 29 ^^^’ which a voltagc wave of the form of Fig. 

10-276 can be more readily produecMi. The 
action of this circuit is dependent upon the al)rupt clninge of plate cur¬ 
rent at critical values of plate voltage. When the plate (dreuit is first 
completed, C is uncharged, and so the full plato supi)iy voltage is api)lk*d 
to the plate. The plate current assumes its larger value, charging the 
condenser and thus lowering the plate voltage. At some value of con¬ 
denser voltage, the plate voltage reaches the critieal value at which the 



circuit triggers and the plate current falls abruptly to its lower value, 
which may be zero or, at most, less than the condenser discharge cur¬ 
rent through B. The condenser then dis¬ 
charges through B until the plate voltagc i-|H- 1 

rises to its upper critical value and the q. 

cycle repeats. By making the plate sup- § jUferz)" 

ply voltage much greater than the differ- ||Rt 4- P ,3 -fR T** 

ence in the critical plate voltages, the ''I— i[ 1. 

condenser may be made to discharge very ^cej ^ ’ 

nearly linearly, giving a wave of condenser 

voltage ot the form of curve 6 of Fig. cillattir for Ow ©f 

10-27. saw-tooth voltiigt». 


The time taken, for the condenser to charge (leereaHew as tlu* liiglicu* 
value of plate current is increased. By the nne of Hi^reen Biipiily voltiigij 

of 100 volts or more, positive control-grid voltagc, and high valucK <»f R, 
the charging time may be reduced to a small fraction of the cycle. Wit h 
screen supply voltage of 22§ volts or less and negative control-grid 


^ Page and Curtis, loc. cit 

“An excellent survey of saw-tooth-wavo oscillators has bom 
PucKLB, J. Inst Elec. Eng. {London)^ 89 , 100 (1942). 


given by O. S. 
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voltage, on the other hand, the two values of plate current do not differ 
greatly, and the wave is of the form of Fig. 10-27c. Decrease of R 
increases the charging time and decreases the discharging time. At high 
values of R, the net effect of decrease of R is an increase of frequency. 
The oscillation frequency increases with decrease of C. An upper 
frequency limit exists as the result of plate-cathode tube capacitance, 
which has the same effect as the condenser C. The function of Cc is 
merely to couple the screen and the suppressor. It has little or no effect 
upon the frequency if its reactance at oscillation frequency is small in 
comparison with the resistance Ri. The need of excessively high 
capacitance at very low frequency may be avoided by replacing the 
coupling condenser with a resistance, as in the trigger circuit of Fig. 10-4. 
This necessitate.s a rcadju,stment of su^iply voltages. 




(b) 


Fig. 10-20.— Rcliixatioii oscillators for tho generation of saw-tooth voltago. 


A form of saw-tooth-wave oscillator derived from the Eccles- 
Jordan trigger circuit is shown in Fig. 10-29a.^ The action is as follows: 
When the circuit is first clostnl, C is uncharged, the plate and cathode 
of tube 1 are at the same |)()t(uitial, and current flows only through tube 
2, C charges through a liigh rc^sistaru^e /i, and the plate voltage of tube 1 
rises. At a critical value of condenser voltage, current starts flowing in 
tube 1, and the current abruptly (‘.eases in tube 2. C discharges rapidly 
through tube 1 and its plate resistor until a lower critical voltage is 
reached. The current tlum again transfers to tube 2, and the cycle 
repeats. By the use of high supply voltage, or by tlie substitution in 
place of Ji of a pentode, tlu^ plate current of which is practically inde¬ 
pendent of plate voltage ovcu* a wide range of plate voltage, the condenser 
voltage wave may l)e mad(^ t.o assume the form of Fig. 10-276. The 
frequency of oscillation inc-reases with decrease of C and li or with 
increase of cliarging current if a pentode is used in i)lace of Ji (see pages 
466 and 489). 

Another Baw-to()th-wav(^. oseillator based upon the Eccl(^.s-J()r(lan 
trigger circuit is shown in Fig. 10-296 (hco Prob. 10-1).'^ 

1 PucKLB, 0. S., »/. jSci. Imtrurmnts^ 13, 78 (193(1). 

Potter, J. L., Pwc. IJLE., 26, 713 (1938). 
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Figure 10-30 shows an interesting circuit developed by Puckle.^ The 
action is as follows: When the supply voltage is first impressed^ the con¬ 
denser C is uncharged, and the drop in voltage in caused by the plate 
current of Tz causes the grid of to be biased beyond cutoff. C charges 
linearly through the pentode Ti, which passes a constant current. Wlien 
the voltage across C reaches a critical value, plate current starts flowing 
in T 2 . The flow of this current through R 2 applies a negative incremcmt 
of voltage to the grid of Tz. An amplified positive increment of voltage, 
produced across Rz is applied to the grid of T 2 , reducing its bias and thus 
increasing the plate current of T 2 . Since the action is curnulative, C is 
rapidly discharged through T 2 . The cycle then repeats. The rate of 
charging of (7, and hence the frequency of oscillation, are controlled by 
Rij which changes the bias of the second grid of T\ and tluis the charging 
current. The need for the amplifier tube Tz is avoided in a similar 



Fig. 10-30.—Relaxation oscillator for the generation of Haw-tooth voltage. 


circuit developed by Kobayasbi, in which the plate circuit of the cliseharge 
triode is coupled to the grid by means of a transformer in such a manner 
that initiation of plate-current flow in the triode causes the application 
of a positive increment of grid voltage to the triode and thus causes the 
plate current to rise cumulatively.^ 

A saw-tooth wave of voltage may also be obtained from a self-biased 
feedback oscillator in which the biasing resistance and condenser are so 
chosen that the biasing voltage across the condenser increases very 
rapidly to such a high value that oscillation ceases after a few cyoicB 
(see Sec. 10-38). The condenser then discharges slowly through the 
resistance.® The discharge may be made linear with respect to time by 
substituting a pentode for the resistance and thus making the discharge 
current constant. 

An entirely different type of high-vacuum-tube saw-tooth-wave 
generator is shown in Pig. 10-31. The grid of the tube is normally 
biased beyond cutoff, so that the condenser charges m) gradually through 

^PxjCKiiE, 0. S., J. Television Soc. {Brit.), 2, 147 (1936) 

2 U. S. Patent 1913449 (1929). 

3 Appleton, Watson, and Watt-Herd, Brit, Patent 234254. 
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the resistance R. Periodic positive voltage pulses of short duration, 
impressed upon the grid, cause the tube to conduct and thus to discharge 
the condenser periodically. The rate at which the condenser voltage 
rises and the voltage of the condenser at the instant it starts to discharge 
depend upon the values of the condenser capacitance C, the resistance 
Rj and* the charging voltage E. The frequency of the saw-tooth con¬ 
denser voltage is that of the periodic pulses impressed upon the grid. 
Periodic triangular voltage pulses of the form shown in Fig. 15-51 are 
generated by this circuit if the grid bias is zero and the voltage pulses 
applied to the grid are negative.^ High plate current then normally 
keeps the condenser essentially discharged. The negative pulses of grid 
voltage cut the plate current otf for the duration of the pulses, allowing 
the condenser to charge through the resistance. To ensure that the 
condenser starts charging and discharging abruptly, the grid-voltage 
pulses should be re(d,angular. The length 
and frequency of the triangular pulses 
generated in this manner are the same as 
those of the grid-excitation pulses. A com¬ 
plete circuit, including the rectangular 
pulse generator that furnishes the grid 

excitation, is shown in Fig. 15-52. In both 10 - 31 -— High-froquoncy saw- 

, V. . . .. «... 01 tooth “ wave geiierator. 

methods ot using the circuit of rig. 10-31, 

linear charging of tlie condenser is approximated by making the supply 
voltage mindi higher than the maximum voltage to which the condenser 
charges. 

Saw-tooth““Wavc generators using glow- and arc-discharge tubes are 
discussed in Se(%s. 12-6 and 12-33. 


JLUI-. 



10-14. Use of Relaxation Oscillators in Frequency Transformation.— 

Relaxation osinllat^ors are of great value in frequency transformation. 
Introduction into tlic^ oscillator ciremit of a small voltage equal to a multi¬ 
ple or subrmiltiple. of the oscillation fre(|uency causes the relaxation 
oscillator to ‘^lo(»k in.’^ ’'rhis lo(‘,king action is possible because in all 
relaxation oscillators tlu‘. relaxations take |)lace at certain critical values 
of some voltage', in the c.ircuit.. If a peak of tlio control voltage comes 
just before tlu', rc^laxation o(*.curs, the added voltage is (uiough to tri|) the 
circuit. Tlie (‘.ontrol voltage may have a mucli higher frecpiency than 
that of the oscillntoi’ l)e(‘.atise the only peak of locking voltage which 
affects the osiillator is tliat winch (U)meH just as relaxation is about to 
occur. If th(^ frtMpumi'y of tin* control voltage is lower than that of the 
oscillator, tlien (wciry /rth relaxation of the oscillator will be controlled, 
where n is tlie ratio of tile oscillator frequency to the control freciuency. 
With reasonalde (’.arc*, in circ'uit adjustment, relaxation oscillators may 
1 Hawoiw'U, L. J., ReiK JmtrumerdH, 12, 478 (1941), 
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be controlled when the frequency ratio is as great as 50. The furida- 
mental output of one controlled oscillator may be used to control a 
second relaxation oscillator, which naay in turn control a third, etc. By 
this means it is possible to obtain an audio-frequency voltage of great 
stability from the final relaxation oscillator when the first one is con¬ 
trolled by a crystal-controlled radio-frequency oscillator. Tlie a-f out¬ 
put may be used to drive a synchronous clock.^ By observation of the 
clock over a long period of time a very accurate determination may be 
made of the frequency of the crystal-controlled oscillator or of any lower 
frequency controlled by it. By separating and amplifying tlxc various 



(W (c) 

Fig. 10-32.—Multivibrator control circuitH. 

harmonics of the controlled relaxation oscillators, a largo niunber of 
frequencies of high constancy may be obtained from one crystal oscillator. 

The multivibrator has proved to be the most satisfactory type of 
relaxation oscillator for use in frequency conversion. Its use in this 
manner has been discussed by a number of investigators.^ Figure 10-32 
shows three ways in which the control voltage may be introduced into 
the multivibrator. In circuit a the control frequency must l)C!i an even 
integral multiple of the multivibrator frequency, in circuit b it must 
an odd integral multiple, and in circuit c it may be any integral multiple. 
Resistance-capacitance coupling may be used in place of transformer 
coupling in impressing the control frequency upon the multivibrator 

1 Horton, J. W., and Marrison, W. A., Proc. IJtE.^ 16, 137 (1928), 

2 Abraham and Bloch, loc. cit; Mercier, M., CompL rend., 174, 448 (1922); 

Clapp, J. K., J. Opt. Soc. Am. and Rev. Sci. Instruments, 16, 25 (1927); MAiiRteOM* 
W. A., Proc. LR.E., 17, 1103 (1929). ' 
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circuit. An excellent analysis of the control of multivibrator frequency 
has been given by Hull and Clapp, and further details by Andrew.^ 

10-16. Analysis of Multivibrator Frequency Control.—As pointed 
out in Sec. 10-11, triggering of a multivibrator is determined by the 
voltage of the grid that is negative. For this reason, the action of the 
stabilized circuits can be analyzed by reference to the negative portion 
of the wave of grid voltage. Under equilibrium conditions, each cycle 
of oscillation of the stabilized circuit must be identical with the previous 
cycle, and the grid voltage at the beginning of each cycle must be the 
same as at the beginning of the previous cycle. Furthermore, in a 
symmetrical circuit, the number of cycles of control voltage per half 
cycle must be the same in both halves of the cycle. The instantaneous 
grid voltage must therefore be the same for both tubes at the 
beginnings of their respective half cycles. In the circuit of Fig. 10-32(X, 



Fig. 10-33.—Control of multivibrator frequency. The wave form of the grid voltage with 
and without control voltage is shown by the solid and dotted waves, respectively. 


in which the control voltage is applied in like phase to the grids of the 
two tubes, this requirement is satisfied if the instantaneous value of the 
control voltage of one tube at the end of the negative half cycle of that 
tube is the same as at the beginning of that half cycle, f.e., if there is an 
integral number of half cycles of control voltage per half cycle of oscilla¬ 
tion. (This assumes tliat the time required for triggering is of negligible 
duration.) Figure 10-33 shows how the frequency of oscillation is 
changed by an increase of control frequency at a frequency ratio of 6. 
The dotted curve shows the manner in which the negative grid voltage of 
one tube varies without control voltage. The solid curve shows the 
variation of grid voltage when control voltage is impressed, and the 
dashed line indicates the critical grid voltage at which triggering occurs. 
It can be seen that, as the frequency of the control voltage is increased, 
the beginning of the negative half-cycle shifts in phase relative to the 
control voltage in such a manner that there are always three cycles of 
control voltage per half cycle of oscillation. If the frequency is increased 
beyond that corresponding to curve c, the grid voltage curve will not 

1 Hull, L. M., and Clapp, J. K,, Proc. LE,E\ 17, 252 (1929); Anbkbw, V. J., 
jP/oc. TJIE,, 19, 1911 (1931). 
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intersect the line of triggering voltage in three cycles, but at some time 
in the fourth cycle, and the frequency ratio will jump fi-om 6 to 8. As 
the control frequency is increased, therefore, the oscillation frequency 
will also increase over a certain range, above which the frequency ratio 
will jump to a higher value at which control will again l)e attained 
throughout a similar frequency range. Further analysis of Fig. 10-33 
shows that the range of control frequency throughout whicli the oscilla¬ 
tor "locks in” increases with amplitude of control voltage. 

It can be seen from Fig. 10-33 that there must always be a whole 
number of cycles of control voltage per half cycle of oscillation, and so 
the frequency ratio for the circuit of Fig. 10-32a must be an even integer. 
In the circuit of Fig. 10-326, however, the control voltage is applied to 
the two grids in phase opposition, and so the control voltage at the end 
of the negative half cycle must be of equal magnitude but opposite 
polarity to that at the beginning of the cycle in order to make the grid 
voltage the same in both tubes at the beginnings of their respective 
negative half cycles. There must be (n — -I) cycles of cumtrol voltage 
per half cycle of oscillation, and hence the frequency ratio will be 2n — 1, 
where n is any positive integer. The frequency ratio is therefore odd. 
In the circuit of Fig. 10-32c, the control voltage is applied to only one 
tube, and it is necessary only that the voltage at the beginning of the 
negative half cycle of grid voltage of that tube be the same i n each succeed¬ 
ing cycle. This is true for any integral frequency ratio. 

In a multivibrator based upon the circuit of Fig. 10-8, the control 
frequency may be applied to one or both control grids. In the van der 
Pol oscillator the control frequency is best applied to the suppressor 
grid.i In the circuit of Fig. 10-28 the control frequency may be applied 
to any electrode, preferably the control grid or the suppres.sor grid. 

10-16. Analysis of Sine-wave Oscillators. —A given typo of oscillator 
can usually be analyzed in several Y^ays. A particular oHcillator may, 
for instance, be analyzed on the basis of negative resistance or on the 
basis of feedback. If made on the basis of feedback, the analysis may 
make use of the series expansion for electrode current or, if one is not 
primarily interested in studying harmonic generation, a simplified 
analysis may be based upon the equivalent electrode circuit. When 
the equivalent electrode circuit is used, the circuit CHpuitions may b® 
written in differential form, or complex notation may l)e employed. 
Still another method of analysis is to consider an oscillator as an amplifier 
in which the output voltage is impressed upon the input and to d<d,ermine 
the conditions under which the output voltage is equal in |)hase and 
magnitude to the input voltage. Choice of method in the analysis of a 
particular circuit is governed by the form of the circuit, by the preference 
^ 8.nd CxTRTis, loc, cit. 
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of the person who makes the analysis, and by the amount of information 
that is desired concerning the performance of the oscillator. Usually 
a knowledge of the frequency of oscillation and the criterion of oscilla¬ 
tion is all that is necessary, but it may be important to know under what 
conditions the oscillations are essentially sinusoidal. For purposes of 
illustration, various methods will be used in subsequent sections in 
analyzing different circuits. Except at very high radio frequencies, the 
circuit tuning capacitances are usually so much larger than the inter¬ 
electrode capacitances that the latter may be 
neglected in an approximate analysis. | 

10-17. Negative-resistance Oscillators.’—The 
distinction between negative-resistance oscillators c' ^ 
and feedback oscillators is in a sense artificial. L 
A mathematical analysis of feedback oscillators S'la- 10-34.—Basio 
yields as the criterion for sustained oscillators 
that the sum of certain parameters shall be 

equal to or less than zero. This criterion may always be written 
in such a form that one term is the positive circuit resistance. The other 
terms must, therefore, also have the dimensions of resistance, and at 
least one of them must be numerically negative in order that their sum 
shall be equal to or less than zero. One may say, therefore, that sus¬ 
tained oscillations can result if the tube in conjunction with the circuit 
can produce an equivalent negative resistance. Certain devices exhibit 
a negative a-c resistance without the action of an additional circuit, 
whereas the equivalent negative resistance in 
most feedback oscillators is dependent upon the 
action of the circuit. Under the first classifica¬ 
tion of the above list will be considered only 
those oscillators in which the negative resistance 
is inherent in the tube, or in the tube and asso¬ 
ciated resistors and capacitors, and does not 
require the presence of the tuned circuit. 

Mathematical analysis shows that sustained 
oscillations may be set up if either a parallel 
or a series combination of inductance and 
capacitance is connected across a device that exhibits negative a-c 
resistance. The dotted resistance of the circuit of Kg. 10-34 represents 
any device that has a negative a-c resistance. L, r, and Q represent the 
inductance, resistance, and capacitance of the resonant ton/c circuit. 
(Losses in the condenser are assumed to be negligible.) Although the 
a-c resistance, as defined by the reciprocal of the slope of the current- 

’ For a bibliography of 55 items on this subject, see I'h W. HsiMmOjFror. J.R. E., 23, 
1201 (1935). 


L 



Fig. 1 ()-.35.—Ourrunt" 
voltage h a r a c t c r i h t i c 
of a nogative-rcbistauco 
element. 
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voltage curve of Fig. 10-35, is not constant, it may be assumed to be 
constant in the range of operation if the current variations are not too 
large. Then the negative resistance is 

dc 

P === ^. == const. (10-2) 


Application of Kirchhoff^s laws to the circuit of Fig. 10-34 gives the 
following differential equation for the current through the inductance: 


^ + (L + + l±P i = Q 

iP pCj dt ^LpC 


(10-3) 


Solution of Eq. (10-3) gives the following expression for any of the circuit 
currents:^ 

i == ^ 

in which A and a are constants, the values of which are different for the 
currents in the three branches of the circuit, and in which the angular 
frequency of oscillation is 


r + P 1 
P LC 




(10-44) 


If w is a real quantity, Eq. (10-4) shows that the circuit currents are 
sinusoidal and that their amplitude may decrease, remain constant, or 
increase. If the quantity (r/L -f- 1/pC) is positive, the exponential 
factor in Eq. (10-4) decreases with time, and oscillation started in any 
manner eventually ceases. If the quantity (r/L + 1/pC) is negative, 
on the other hand, the exponential factor increases ■with time and the 
amplitude buUds up. In the critical case in which (r/L + 1/pC) is 
equal to zero, the exponential factor is unity, indicating that the ampli¬ 
tude of oscillation remains constant. (r/L + l/pC) may be negative or 
zero if either r or p is negative. Hence, sustained oscillation of increasing 
or constant amplitude may be obtained if either r or p in Eig. 10-33 is a 
circuit element having negative a-c resistance in at least a portion of 
its operating range. The characteristics of negative-resistance circuit 
elements suitable for use in oscillators are such, however, that the 

1 Cohen, A., “Differential Equations,” Chap, VII, D. C. Heath & CJompany, 
Boston, 1906. The student ■who is unfamiliar with the solution of differential equa¬ 
tions can show that Eq. (10-4) is a solution of Eq. (10-3) by substituting Eqs. (10-4) 
and (10-44) in Eq. (10-3) and noting that an identity results. 
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equivalent oscillator circuits are necessarily of the form in which p is 

negative aad r positive. 

If 03 is imaginary, Eq. (1,0-4) can be conveniently written in the form 


or 


i 


A 


g - H (r/L H-1/ pC]t +«) 


g— 


I = 6~ H(r/L+i/pa)i q. 


(10-5) 

( 10 - 6 ) 


in which a;' is a real (quantity and B and B' are arbitrary constants. 


oj' = joo = 



r + p 1 
“ p LC 


(10-7) 


Analysis of E(|. (lO-O) shows that if -pj S L/rC or jp] < r, the current 
is exponential in form and theoretically varies in one of the following 
manners: (1) increases continuously from its initial value B + B', (2) 
falls to zero and then increases continuously in the reverse direction, 
or (3) falls to a mininuun value and then increases continuously with¬ 
out reversal, Practically, the current cannot continue to rise indefi¬ 
nitely. Examination of Fig. 10-35 shows that, 
as the current increases, the magnitude of the 
negative resistiin(‘,e increases and that it even¬ 
tually becomes positive. At some value of 
ciirrctit \p\ b(HU)mes greater than L/rC and r 
and the current eitlier assumes an equilibrium 
value or starts to decrease. The action of the 



Fig. 10-36.—Typical noa- 
sinuBoiclal voltage that may be 
generated by a negative-re- 
sistance oscillator. 


condenser and inductanc.c is such as to make the current decrease and 

finally to revnrse. The rewult is a nonainusoidal sustained oscillation, 
such as that .shown by the oscillogram of Fig. 10-36. It was proved in 
Sec. 10-1, however, that, if a negative and a positive resistance are 
connected in series, as they are in the left loop of the circuit of Fig. 
10-34, triggering may occur if the magnitude of the positive resistance 
exceeds that of the negative resistance. The nonsinusoidal oscillation 
is then a relaxation osifillation of the type discussed in Secs. 10-10 to 
10-15. (The analysis indicates t.hat triggciing is impossible for values 
of r and p at which sinusoidal oscillation can occur.) 

If \p\ > L/rC and |/)| S r, the current ha.s the form, of an exponential 


prd,se. 
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The results of the foregoing analysis may be summarised as follows: 

A. Sinusoidal oscillation may occur if oj is real, f.c., if |p| > L/(rC — 2 -\/LC). 

1. The amplitude of oscillation decreases with time if {r/L + l/p(0 is 
positive, f.e., if |p| > L/rC, 

2. The amplitude is constant if |p| = L/rC. 

3. The amplitude increases with time if |p| < L/rC. 

B. The current is exponential in form if o is imaginary, ic., if 

I"! ^ {rC -2 s/Lc) 

1. Sustained oscillation occurs if |p| g L/rC or if |p| < r. 

a. The current wave is continuous, but nonsinusoidal if |p| > r. 
h. Triggering occurs and the wave has discontinuities, relaxation 
oscillation takes place, if |p| < r. 

2. The current is an exponential pulse if |p| > L/rC and |p| S r. 

This summary is shown in graphical form in Fig. 10-37. Although 
similar analyses will not be made for feedback oscillators, such analysea 





Sdlw! . f T graphical summaries are of 

tvn? f instructional value because they show clearly that several 
types of operation are possible in a given circuit and that care is necessary 
in the design and adjustment of the circuit in order to ensi^s n nrS 

output trou. th, checkorirrg::;tl 
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aspects by experimental investigations. It is found, for instance, that 
a large value of L/rC resulting from the use of insufficient capacitance 
causes the currents to be badly distorted from sinusoidal form. It 
should be noted, however, that the abrupt transitions from one type of 
operation to another indicated by Fig. 10-37 are not observed experi¬ 
mentally, since the magnitude of the negative resistance is in itself a 
function of the current, 

10-18. Amplitude of Oscillation of Negative-resistance Oscillators.— 

Practical negative-resistance oscillators are of such form that r is 
positive and p negative. In order that sinusoidal oscillation may start 
in such a circuit, \pol the static value of \p\ at the operating point, must 
be less than L/rC, Although Eq. (10-4) indicates that the amplitude 
continues to increase with time, actually an equilibrium amplitude is 
reached. This is true because curvature of 
the cur rent-voltage characteristic eventually 
causes 1p|, the dynamic or average value of |p| 
during the cycle, to increase with amplitude. 

A number of investigators have shown that 
equilibrium is established when |p| becomes 
equal to L/rC, if further increase of ampli¬ 
tude would cause |p1 to exceed L/rCA 
Brunetti has proved from energy relations 
that p at a given amplitude may be meas- 
xired either by a bridge (see Sec. 15-34), or by 
taking the ratio of tlie amplitude of a 
sinusoidal applied voltage of given ampli¬ 
tude to the amplitude of the fundamental 
component of the resulting current througli the negative resistance ele¬ 
ment.^ The current |)rodu(;ed by a given voltage may be measured, or 
determined graphically from tlie characteristic (uirve of the negative- 
resistance element by the methods discussed in Boc. 4-12. 

The eciuilibrium am{)litude of oscillation may l)e i)r(Klicted by plotting 
a curve of 1 p| against ami)litude of simisoidal voltage applied to the nega¬ 
tive resistan(‘-e element at given operating voltages, as shown in Fig. 10- 
38.^ Possible ecpiilibrium amplitudes are indicated l)y the interBections 
of the curve with the line |p1 = L/rC. Tlie values so determined are 
stable if further increase in amplitude results in increase of \p\. Values 
corresponding to points 1 and 3 of Fig. 10-38 are seen by inspection to be 
stable. The value at fioint 2 is iinstalile, since increase of amplitude 
"results in decrease of \^\ and thus in further increase of amplitude. In the 
example given, oscillation starts when L/rC exceeds jpol- Furtlier increase 



Ft<3. U)-38. “Typical curvo 
of dyiiantic aogativo reBistaiiico 
an a function of alternating 
voltage tunplitilde. 


1 For bibliography, soc (1 BiiuNF/rTt, Proc. LR.E., 25, 1595 (1937). 
“ Beunetti, loc. ciL 
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oiL/fC causes the amplitude to increase continuously until the intersec¬ 
tion reaches a, from which the amplitude increases abruptly to the value 
corresponding to 6. Decrease of L/rC then causes continuous decrease 
of amplitude until the intersection reaches c, from which it drops abruptly 
to the value corresponding to point d. Such abrupt changes of amplitude 
are often observed.^ 

10-19. Harmonic Content.—^When curvature of the current-voltage 
characteristic is considered, the differential equation for the circuit of 
Fig. 10-33 becomes much more complicated, and the solution has the 
form of an infinite series, indicating the presence of harmonics in the 
current. Thus, although curvature of the characteristic has the desirable 
effect of limiting the amplitude of oscillation, it also introduces harmonics 
of the fundamental frequency of oscillation into the current. In order 
to keep the harmonic content small, it is necessary that the equilibrium 



amplitude shall be low and that curvature of the characteristic shall be 
small throughout the range of operation. 

The type of characteristic curve and the location of the operating 
point that will make it possible to satisfy these requirements can be 
determined from a study of the curves of Fig. 10-39. If the charac¬ 
teristic is of the form shown in Fig. 10-39a and the operating point is at 
0, increase of amplitude from a low value first causes a decrease in |p| 
(indicated by an increase of average slope over the range of operation) 
and hence a further rise in amplitude. When the amplitude becomes 
sufficiently great to extend the path of operation beyond the points of 
inflection at a, then ip| increases with further increase of amplitude and 
finally becomes so high that 1p| = L/rC and the amplitude becomes con¬ 
stant. The equilibrium amplitude is relatively large, and the charac¬ 
teristic has appreciable curvature in the range of operation. Therefore, 
the requirements for low harmonic content are not satisfied. If the 
characteristic and operating point are as shown in Fig. 10-396, on the 
other hand, then |p| increases continuously with increase of amplitude 
from a small value. By making L/rC only slightly greater than |p4; 
the reciprocal of the slope of the characteristic at the operating point, 
the amplitude of oscillation may be made as small as desired. Since the 

1 For bibliography, sec Beunbtti, loc, dt 



Sisc. 10-21] TRIGGER CIRCUITS, PULSE GENERATORS 379 

curvature is also small in the operating range, low harmonic content may 
be attained. Fortunately it is possible to use negative-resistance ele¬ 
ments that have characteristic curves of the form of Fig. 10-396, so that 
negative-resistance oscillators of very small harmonic content may be 
designed. The use of high-Q oscillatory circuits is also favorable to low 
harmonic content. 

10-20. Frequency of Oscillation.—Under the threshold condition, 
when \p\ = L/rC, Eq. (10-4^) reduces to 

" - 

Inasmuch as r, the a-c resistance of the inductance coil and leads, is 
ordinarily only a few ohms, whereas the negative resistance |p| is seldom 
less than 2 or 3 thousand ohms, the frequency is practically equal to 
l/27r'\/L(7, and small changes in p, such as might result from the variation 
of battery voltages, have a negligible effect upon the oscillation frequency 
if the threshold condition can be maintained. 

10-21. Series Oscillatory Circuit.—For the circuit in which the nega¬ 
tive resistance is shunted by a series combination of L, r, and C, the 
mathematical analysis gives the following expression for the angular 
frequency of oscillation: 



(10-9) 


The oscillation is sinusoidal when [r + p| <2 ^/LfC, In order for sus¬ 
tained oscillation to be possible, p must be negative, and its absolute 
value must be equal to or greater than r. Under the threshold condition 
at which oscillation will just start, the magnitude of p is equal to that 
of T, and Eq. (10-9) reduces to 


0 ) = 



( 10 - 10 ) 


The oscillation is then necessarily sinusoidal. 

Because of the necessity of providing a d-c path of low resistance, it is 
usually impossible to use the series type of circuit when the negative- 
resistance element consists wholly or in part of vacuum tubes. Although 
oscillation may be obtained in circuits that are presumably of the series 
type, careful investigation usually discloses that the circuit is actually 
oscillating as a parallel circuit of the form of Fig. 10-34, the distributed 
capacitance of the inductance coil serving as the shunting capacitance C, 
The series capacitance is found to have no effect upon the frequency. 
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10-22. The Dynatron Oscillator.—One cause of negative resistance 
in high-vacuum tubes is secondary emission. An excellent example of a 
negative-resistance characteristic resulting from secondary emission is 
shown by the plate characteristics of the old type 24A tube at low plate 
voltages. These characteristics were discussed in detail in Chap. 3 
(see Fig. 3-9). The newer type of 24A tube also has negative plate 
resistance at plate voltages lower than the screen voltage, but the magni¬ 
tude of the resistance is considerably higher than in the older tubes. The 
grid characteristics of many tubes also have portions with a negative slope. 
The possibility of using negative resistance resulting from secondary emis¬ 
sion in producing oscillations was first shown 
by Hull, who termed this type of oscillator the 
dynatron oscillator A The dynatron has since 
been studied theoretically and experimentally 
by many investigators, and much has been 
written on the subject.^ A typical dynatron 
circuit is shown in Fig. 10-40. The tuned cir- 
Fig. i0-40.--Dynatron-osoii- ^uit can also be Connected in the screen-grid 
atoi ciicuit. instead of in the plate lead.® 

The negative-resistance characteristics of tetrodes approximate the 
desirable shape shown in Fig. 10-396. Therefore by proper choice of 
operating point the amplitude of oscillation and the curvature in the 
operating range may be kept small, and the harmonic content low. Othcsr 
advantages of the dynatron for laboratory applications are its good 
frequency stability and its simplicity. Because only one inductance is 
required, it is a simple matter to change from one frequency band to 
another. The amplitude of oscillation may be controlled by means of 
the control-grid voltage, which varies the slope of tlie cliaracteristic in 
the negative-resistance range, and hence the value of p. Disadvantages 
of this type of oscillator result mainly from its dependence upon sec^ond- 
ary emission. Secondary emission changes with use of the ttil)e, and large 
differences are observed in the shapes of the characterlsticH of individual 
tubes of the same type. 

1 Hull, A. W., Proc. I.R.E., 6, 535 (1918). 

2 SCROGGIE, M. G., Wireless Eng., 10, 527 (1933) (with bil>liography of 35 items); 
Moullin, E. B., J. Inst. Elec. Eng. (London), 73, 186 (1933); Bakke/(1, B., J. ImL 
Elec. Eng. (London), 73, 196 (1933); Colbbrook, F. M., Wireless Eng., 10, 663 (1933); 
Hayasi, Tatuo, J. Inst. Elec. Eng. Japan, 63, 389 (1933); Glarkk, (h Wirdem 
Eng.,Al, 75 (1934); Colebrook, P. M., Radio Research SpemM ItepL 131 (Kriglaiid) ; 
Groszkowski, j., Wireless Eng., 11, 193 (1934); Gager, F. M., Proc. IJLE., 23, 
1048 (1935); Gager, F. M., and Russell, J. B,, Proc. LR.E., 23, 1536 (1935); 
Houldin, j. E., Wireless Eng., 14, 422 (1937). 

3 Hayasi, Tatuo, Proc. LR.E., 22, 751 (1934). 
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10-23. Negative-transconductance Oscillator.—The objectionable 
features associated with secondary emission are avoided in another type 
of negative-resistance oscillator, the action of which depends upon the 
fact that negative voltage applied to the suppressor of a pentode such 
as the 6J7 or 6K7 causes electrons that have passed through the screen 
grid to be returned to the screen gridd Over a certain range a positive 
increment of suppressor voltage (a decrease of negative voltage) allows 
more electrons to go to the plate and thus decreases the screen current, 
which means that the suppressor-screen transconductance is negative. 
Under proper operating conditions the screen current decreases with a 
positive increment of suppressor voltage even when the screen voltage 
is given an equal increment. By the use of the circuit of Fig. 10-41 the 
negative transconductance can be used to produce a negative resistance. 


Rc 


Fig. 10-41.—The uho of a pentode to pro- Fig. 10-42.—Transitron oscillator. 

ducG negative resistance. 

If Cc and lie are large enough so that a change in voltage of the screen 
grid G 2 is accompanied by a practically equal change in voltage of the 
suppressor grid Gz, the action is as follows: An increase Aec 2 in the screen 
voltage is accompanied by an equal change Agoz of suppressor voltage. 
Aec 2 would by itself change ic 2 by the amount Aeo 2 /ra 2 , and Acoz acting- 
alone would change i .2 by the amount If the variation of Tg^ 

with CoS and of gz 2 with ec 2 is small if the curves of ic 2 vs. Cc 2 for various 
values of ec$ are practically straight, parallel, and equidistant over the 
range under coUvSideration), it may be assumed that the net change of 
ic 2 will be the sum of the two changes. 

Aic2 =.. . + AeczQn ~ Aef;2 (+ ^32 j (10-11) 

V’f;2 / 

Since, P 32 has been shown to be negative, it follows that, if the magnitude 
of gz 2 exceeds the magnitude of l/rg 2 j an increase of screen voltage is 
accompanied by a decrease of screen current. When Re is so large in 
comparison with that the current through Ro and Co may be neglected, 

1 Herold, loc . cit . 
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this means that between points A and B the circuit will exhibit negative 
resistance of magnitude (see also Prob. 4-4). 


\p[ = j- 


+ ^£^ 2^32 


1 H“ /^23 


( 10 - 12 ) 


If a parallel resonant circuit whose parameters satisfy the criterion for 
sustained oscillation is inserted between A and B, as in Fig. 10-42, 
sustained oscillations result. 


^c3"I“I6 



Screen-Grid Volts, ec 2 


10-43. Static family of screea characteristics for a typo 57 tul)o, Tlio dottcHl linoa 
show dynamic screen characteristics for the circuit of Fig. 10-41, derived under the aHmirnn- 
tion that changes of screen and suppressor voltage are equal ^ 

Dynamic curves of ia vs. e „2 for the circuit of Fig. 10-41 may be 
readily derived from the static family of ia-Cca characteristics. ‘ TIuih, in 
ig. 10-43, the dotted dynamic ^ 2 - 6^2 curves are obtained by connectiiiK 
points for which e .2 and e .3 are changed by equal amount from their 

e ^amT(S^^T 3 operating values of a,,* and 

C .3 are 100 volts and - 10 volts, respectively, then a 2 -volt increase of 

e .2 to 102 volts IS accompanied by a 2 -volt increase of c., to - 8 volts 

Tanntr 'Tf ^ 

anner. If C, and R, are so small that the reactance of C, is appreciable 

m companson with the lesietanoe of S, at the desired fi-oqu„„ey „f osdlla- 

,«iSoT 
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tion, the voltage-dividing action of Cc and Bo causes the change of eos 
to be less than that of ec 2 ^ The dynamic curve is less steep, indicating 
a higher negative resistance. For this reason Co and Be should be large 
enough so that the coupling-condenser reactance at the lowest desired 
frequency of oscillation is small compared with the resistance of the grid 
resistord 

The pentode circuit of Fig. 10-42 may be modified to use a tetrode 
such as the 24A by the omission of the first grid Gi. Oscillation can be 
obtained, however, only at low cathode temperature. The reason for 
this is that at normal temperature the resistance of the control grid, 
which is used in place of Cr 2 of Fig. 10-41, is so low that 1/T(,2 exceeds gn 
in Eq. (10-12), and p is positive, even though p 32 in negative. Use of the 
negative inner grid Gi has the same effect as lowering the cathode tem¬ 
perature and has the additional advantage that the voltage of the first 
grid may be used to control the negative resistance and thus the ampli¬ 
tude of oscillation. 

The negative-transconductance oscillator 
is not dependent upon secondary emission 
and therefore does not have the objectionable 
features of the dynatron oscillator. The cir¬ 
cuit is slightly more complicated. 

10-24. Push-pull Negative-resistance 
Oscillator.—A two-tube circuit which can 
be used as the basis of a negative-resistanc;e 

1'n,*'. ,i,w—m,"’—lAU"* unu \)k 

oscillator is shown in Fig. 10-44.- Although truxUm la a i)uhIi-i)ii11 (urtmit to 
the equivnlent plate circuit may bo readily i»'<>«h»=o ..ogativo ro«istanoo. 

used to prove tliat a negative resistance may exist bcrtw(KUi points 
A and B (see Ihx)b. 4-5), it is instru(*,tivo to analyz^e the physical 
action of the circuit, k represents the frtud/ion of from wliic.h voltage 
is applied to the grid of the opposite tube. On tht^ awsurnption that the 
two tubes and their supply voltages are in all res])(M*;tB the sarrie, the 
action is as follows: When tlie voltage Ac is ssero, the points A and B 
are at the same potential, tlie two i)latc (vurrent.s are equal, and no c-urrent 
flows through tlie external l)ran(di of tlie circuit. When Le is a|)|)lied, 
a current Ai flows in tlie external liraindi. It is (^imposed of two com¬ 
ponents: flowing through the plate resistors n; and = — A4i, 

1 See also I’rel). 10-3, p. 414. 

2 Rkicu, H. J., True. I ALE,, 26, 1387 (1937). Sec also L. B. Tithner, Radio Reth, 
1,317 (1920). 

It is interesting to note ilmt oirenut of Fig. 10-44 Is identical with tlie hhudes- 
Jordan trigger cireiiit of Fig. 10-5, that the dynatron oscillator is l)ase<l upon tlie name 
circuit as the tetrode trigger circuit luontioncd in See, 10-2, and that the m^gnl ivov 
transcouduetance oscillator is based upon the siiine ciriuiit as iho |><ui(,ode trigger 
(iirciiit of Fig. 10-4, 
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iiic liiiifltig iltroilgli the tubes. The resistor current is 


Ai, = g (10-13) 

A# f ile voltage of the plate of tube 2 by Ae/2 volts and lowers the 

vitlliige til tbo grid of tube 2 by kAe/2 volts; the changes of plate and 
grid Vjiilliigo^oj' t-uhe I are equal in magnitude to those of tube 2 but 
Kigu. On the assumption that Ae is small enough so that the 
plitlf* and transconductance, smdgm, are practically constant, 

tlir rliiiiigv« in i^l^te current are 


AtVi = - ”f“ QmAec “ — A4i 

A42 = i-Ae — hg^ 


riir Mitiit 1‘hiinxa in i is 

At s®s Air + Atff2 = iAe 

M /« f i 

Ai §Ac 

p 




+ r 6(l — pk) 
^pn 

A(t _ 2r2,r6 


2r,, 


At Tp + nil -- pk) rp + Th 


n 


pk 


(10-14) 

(10-15) 

(10-16) 

(10-17) 

(10-18) 


Kc|tiiiilfiti (10-18) shows that, if the magnitude of pk exceeds the 
iiiitgiiiiiiile Ilf (fp + n)/rhi the resistance between A. and B is negative. 

If Tb is large in comparison with r^, the 
criterion for negative resistance is simply 
that the product pk shall be greater 
than unity. The negative resistance of 
the circuit results from the amplifying 
property of the tubes. If pk is suffi¬ 
ciently large, the change in plate current 
exceeds the change in current through 
the external resistors and is opposite in 
direction, causing a net external current 
opposite in direction to the applied 
voltage. 

8ii?4iiifirci iKHcdllationH are produced if a low-resistance parallel 
|•t-: 4 |lrtlUll furriiit in <»<inncH*ted between A and B. The necessity for two 
|i•.■*^|||||dy' villi cuiu be eliminated by using condensers and grid leaks 
III riiii|iir^ ftir* gridn to tin* platcH, as shown in Fig. 10-45, k is unity in this 


C 



I iM 1*1 lfi iiogativtv* 




Sec. 10-24] TRIGGER CIRCVITS, PULSE GENERATORS 


385 


circuit but may be reduced for the purpose of controlling the amplitude 
of oscillation. The amplitude may be controlled more readily, however, 
by means of the grid bias. A twin triode, such as the 53 or the 6SN7GT, 
may be used in tins circuit in place of two separate triodes. 




Fig. 10-4G,-~--Curr«iii-V()ltiip:o (^liamctoristics for typo 63 tubes used in the circuit of Fig. 

10-44. 

The reactance of the coupling condensers of Fig. 10-45 should be 
small in comparison with the grid resistors at the lowest desired frequency 
of oscillation. When this is true, it does not matter whether the resonant 
circuit is connected between the two plates or between the two grids. 

In Fig. 10-46 are shown curves of external current i vs. voltage c, 
between points A and B of the circuit of Fig. 10-44 for a type 63 twin 
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triode when k is unity. It is apparent that these curves have the desirable 
form of the curve of Fig. 10-396. The amplitude and harmonic content 
may, therefore, be made as small as desired by adjusting the circuit 
parameters or by adjusting p by means of k or the supply voltages. 
This can also be seen from Fig. 10-47, which shows a typical curve of 
dynamic negative resistance vs. voltage amplitude derived from Fig. 
10-46 by use of Eqs. (4-35). The form of this curve is such that the lim^ 

|p| =: L/rC can intersect the curve at 
only one point, the voltage of which 
approaches zero as L/rC approaches 
IpoI. 

The push-pull negative-resistaruje 
oscillator does not have the disadvan¬ 
tages of the dynatron oscillator and 
gives even lower harmonic content and 
higher frequency stability than either 
the dynatron or negative-transcjonduct- 
ance oscillators. These advantages are 
partly offset by increased circuit 
complication. 

10-25. Negative-grid-resistance Oscillator (Tuned-grid with Capaci¬ 
tive Feedback). —In Sec. 4-3 it was shown that, as the result of grid-plate 
electrode capacitance, the input conductance of a vacuum tube may l)e 
negative when the plate load is inductive. When this is true, sustained 
oscillation may be set up in a parallel resonant circuit conncHited betwenm 
the grid and the cathode. Since the magnitude of the ini)ut condu(!tane<^ 
decreases with frequency, this type of oscillator can be used only at radio 
frequency. The variometer-controlled regenerative detectors whi<‘.h were 
popular in the early days of radio reception often proved to be excellent 
examples of this type of oscillator. The negative-grid-resistance oscil¬ 
lator may also be properly considered as a feedback oscillator. 

10-26. Resistance-capacitance-tuned Negative-resistance Oscilla¬ 
tors. —Sine-wave oscillators that do not require the use of inductance 
can be readily analyzed both as negative-resistance oscillators and as 
feedback oscillators. Since the feedback analysis is somewhat simpler, 
resistance-capacitance-tuned oscillators will be treated in Sec. 10-39. 

10-27. Method of Coupling to Negative-resistance Oscillators.— In 
using the negative-resistance oscillators of Figs. 10-40, 10-42, and 10-46, 
the output voltage should be taken from across the resonant tank circuit 
or, preferably, from a separate coil coupled to the tank inductance L. 
When appreciable power is required or when the impedance of the load 
is such as to affect the frequency of oscillation if the load is connected 
across or coupled to the tuned circuit, the output should be taken from 
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Fig. 10-47.—Typical curve of 
dynamic negative resisstance vs. ampli¬ 
tude of alternating voltage derived 
from Fig. 10-46 by use of Eqs. 4-35. 
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an amplifier excited by the oscillator. Such an araplifier is called a 
hufer amplifier. 

10-28. Feedback Oscillators.—A feedback oscillator can be con¬ 
sidered as a tuned feedback amplifier in which the amplitude and phase 
angle of the feedback "voltage are such as to cause oscillation (see Sec. 
6-35).’^ Suppose that a voltage Ciis applied to the input of an amplifier 
and that the resulting output voltage is c„. If a portion ej of the output 
voltage is applied to the input, in addition to Ci and in phase -with it, 
this feedback voltage will act in the same manner as ce. If the magnitude 
of the feedback voltage is exactly equal to e,, it can replace Ci, and the 
amplifier will continue to deliver the original output if c; is removed. 
In other words, the amplifier will oscillate at constant amplitude. If 
the feedback is increased, the amplitude will build up; if it is decreased, 
the amplitude will die down. Among the simpler types of feedback 
oscillators arc the tuned-plate oscillator of Fig. 10-48 and the tuned-grid 



Fig. 10-48.—ruiied-plato osnillutor. Fio. 10-49.~Tuned-grid oscillator. 

oscillator of Fig. 10-49, in which a portion of the voltage developed in 
the plate circuit is introduced into the grid circuit by means of magnetic 
coupling. 

Feedback oscillators are usually analyzed by use of the equivalent 
plate circuit, even though the amplitude of oscillation may be so high 
that the patli of operation is far from linear. Although this method of 
analysis gives no indication of the production of harmonics, it yields 
considerable valuable information concerning the fundamental frequency 
of oscillation and the conditions that must be satisfied in order that 
sustained oscillations may be produced. In order to simplify the analysis, 
it is customary to neglect the effect of grid current. Although grid 
current cannot he neglected in a rigorous treatment, it is usually satis¬ 
factory to make use of the simpler analysis and to bear in mind that the 
results must be imxlilied to take grid current into account. Losses 
resulting from the flow of grid current have the same effects upon the 
operation of the circuit as an oxiuivalcnt 1(j.ss in the tuned circuit. Reduc¬ 
tion of plate current resulting from diversion of electrons to the grid 
increases the curvature of the dynamic transfer characteristic and thus 

1 For an iinalyBis of phiwo roliilions in osoilUitors, son Cl K. Jen, Proa. I.M.E., 19, 
2109 (1931). 
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tends to increase harmonic content. Because the grid current is a 
nonsinusoidal pulse, the harmonic content i^ also increased by the flow 
of grid current through the grid-circuit impedance. It will be seen, 
however, that advantage may be taken of the flow of grid current to 
limit the amplitude of oscillation by automatically increasing the grid 
bias. 

10-29. Tuned-plate Oscillator.—Figure 10-50 shows the equivalent 
plate circuit for the tuned-plate oscillator under the assumption that 

condenser losses are negligible. The alternat¬ 
ing grid voltage eg is induced in the grid coil 
by virtue of magnetic coupling to the plate 
coil. If M is assumed to be positive when an 
increase of i results in a positive induced grid 
voltage, 

di 



Fig."^ 10-50.—Equivalent 
plate circuit for the tuned- 
plate oscillator. 


e„ = M 


dt 


(10-19) 


Application of Kirchhoff’s laws to the equivalent circuit gives the follow¬ 
ing equations: 

Tpijf + ri + = ij.eg = liM (10-20) 

«■ + I' ^ ^ / (i- ip) = 0 (10-21) 

If Eq. (10-21) is differentiated and substituted in Eq. (10-20), the 
following second-order differential equation is obtained: 


dH^dif rprC+L-„M \ , 
dt^ ^ dt\ VpLC ) ^ ® 


r 


This equation is of the form 

dH 


di 




(10-22) 


(10-23) 


the solution of which is^ 


i = sin (y'fc _ (10-24) 

In order that oscillations shall not die out, the exponential factor 
of Eq. (10-24) must be unity or must increase with time; i.c., a must bts 
equal to or less than zero. The value of a may be obtained from Eci' 
(10-22). Since r^, C, and L are all positive quantities, tlie criterion for 
sustained oscillation is 


TprC •+ i - ^ 0 (10-2f») 

1 Cohen, op. cit., Chap. VII. 
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This can be satisfied only if M is positive and if 


or 


\ij.M\ ^ r^rC + L 




> 


rC _ L 
M Mvp 


(10-26) 

(10-27) 


It follows from Eqs. (10-19) and (10-25) that the coupling not only must 
exceed a critical magnitude but must be of such sign as to result in a 
positive component of grid voltage when the current through the plate 
inductance is increasing. 

Under the threshold condition, for which r^rC + L — fxM = 0, the 
frecpency of oscillation is 


f ^ I [r + rp 
2tVW V 


(10-28) 


When no power is being drawm from the oscillating circuit, r is small in 
comparison with and the frequency of oscillation is practically the 
natural frequency of the resonant circuit, l/27r\/LC. 

The ordinary complex method of solving the equivalent circuit is 
also conveniently used in the analysis of oscillators. The following 
equations may he obtained by summing the voltages in the ecpiivalent 
circuit of Fig. l()-50: 


IpTp + I(r + JcoL) = g/i/,; — fjLjoiMI (10-29) 

i'c 

The solution of these sirnultan(M)U8 (Hpiations gives tlic (U|uation 

jo){Crrp + L — fjiM) — oih^pLC + Tp + r = 0 (10-31) 

Equation (10-31) is m\ identity that can hold only if t>he r<ud and the 
imaginary terms individually zero. hl(iuating tlie imaginary and 
the real terms to zero gives tlie criterion for oscillation [Ecp (10-25)] and 
the frequency of oscilhition [Ecp (10-28)]. 

The significama) of analyzing an oscillator circmit by solving the com¬ 
plex equations for the e(|uivalent circuit becomes apparent when it'is 
noted that the circuits of Figs, 10-48 and 10-60 may be eonsidei'ed to be 
those of a voltages am|:)lifier, the output of which is taken from across I/. 
Since tlie complex ecfmotions (10-29) and (10-30) apply only to steady- 
state (constant-amplitude) valties and since it is assumed in writing the 
equations that tlie vetttor in|)ut voltage Eff of the amplifier is ec'|ual to 
the vector output voltage jwMJ, the solution of Eejs. (10-29) and (10-30) 
is equivalent to detcuinining the conditions under which the ()ut|)ut 
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voltage is constant and equal in phase and magnitude to the input 
voltage. It should be noted that the complex method of analysis yields 
no information regarding conditions that must be satisfied in order that 
, , the oscillations shall be sinusoidal. This informa- 

^ tion may, however, be found from Eqs. (10-22) and 

icb\ c (10-24) obtained in the differential-equation method 

I analysis. 

L||_-L||—L_3 In order to emphasize the fact that curvature of 

Fig. 10-51.—Plate the tube characteristics results in the production of 
circuit of tuned-plate harmonics in the oscillator current, it is of interest 
to analyze the circuit by using the series expansion 
for plate current. Summation of alternating voltages in the CLr branch 
of the circuit of Fig. 10-51 gives the equation 


L^ + ir + l 

dt^ ^ C 


ip) dt = 0 


(10-32) 


r dH . di . 1 , - 


(10-33) 


ip — aiBg + + (iseg^ 

-(a)’+ «■"■ 

Substituting Eq. (10-34) in Eq. (10-33) gives 


dH , di 
dt^ Jt 


i |r _ 
i\L 


^ a, + a,Mj^ + a,M^ 


(3-40) 

(10-34) 


0 (10-35) 


Equation (10-35) has a simple sinusoidal solution only when ai and 
coefficients of higher-order terms of the series are zero. The general 
solution is in the form of a series, which indicates the production of 
harmonics of the fundamental frequency. 

10-30. Tuned-grid Oscillator.—^An analysis similar to that which 
has been presented for the tuned-plate oscillator shows that the frequency 
of oscillation of the tuned-grid oscillator of Fig. 10-49 is 


2t\/CQL rp -f L'r)]rp 


(10-36) 


When no power is being drawn from the circuit, the term Lvp greatly 
exceeds L'r, and the frequency is very nearly equal to 1 /2iryi;o. Under 
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this same approximation the criterion for oscillation is 

+ ^ (10-37) 

The appearance of M in the denominator of one term of Eq. (10-37) and 
in the numerator of the other indicates that the i*equired value of is 
large for both high and low values of M and that there is a value of M 
for which the required transconductance is a minimum. Solution of Eq. 
(10-37) for M shows that oscillation takes place only when M lies in the 
range between 

T + 'J(fy md - ^(f)’ - rr^C 

The litoited range of M over which oscillation can occur is a practical 
disadvantage of tire tuned-grid oscillator. 

10-31. Hartley Oscillator. —The circuit of the Hartley oscillator is 
shown in Fig. 10-52. Analysis of the equivalent circuit shows that 
when no power is taken from the circuit the frequency of oscillation 
is very nearly equal to l/27r'v/LC, where L is 
the total inductance, Li -(- L 2 + 2M, of the two 
coils. The criterion for oscillation is (Cgk and 
Cpk neglected) 

- {L2 + - (Li + M)] 

It is interesting to note that Eq. (10-38) may C 

be satisfied when M is zero, indicating that 
capacitive coupling tlrrough C allows oscillation 

to take place even when there is no inductive coupling between the grid 
and plate circniits. The Hartley oscillator has long been a favorite 
circuit. One reason for this is that the criterion for oscillation is not 
critical. Li and La are usually the two portions of a tapped coil, and the 
position of the tap may be used to control the amplitude of oscillation. 
The circuit will oscillate most readily when the ratio of L 2 to Li lies in the 
range from approxixnately 0.6 to 1, the ratio increasing with amplification 
factor. Because tlie tuning condenser shunts both the grid and plate 
coils, the Hartley oscillator gives a lower frequency for a given total 
inductance than eitlier the tuned-plate or tuned-grid osciUators and is 
therefore ixarticularly suitable for the production of low audio frequencies 
when the necessity for good wave form, prevents the use of iron-core 
inductances. 

10-32, Colpitts Oscillator.—Figure 10-53 shows the circuit of the 
.Colpitts oscillator. Tlie freciuency of OBcillation is nearly equal to 
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l/27r'\/LC, where C = CiC^/iCi + C 2 ), the resultant capacitance of 
Cl and €% in series. The capacitances of the isolating condensers, Ca 
and C 4 , and the inductances of the chokes are made large enough so 

that they do not appreciably affect the oscillation 
frequency. As a variable-frequency oscillator 
the Colpitts oscillator is less convenient to use 
than the tuned-plate, tuned-grid, or Hartley 
oscillators, owing to the necessity of varying 
both Cl and C 2 in order to maintain oscillation. 
It has been found suitable for use in marine 
work, because the condensers may be sealed 
Fig. 10 - 53 . —Colpitts os- against moisture and the circuit tuned by means 
dilator. ^ variometer type of variable inductance. 

10-33. Circuits Having More Than One Resonant Branch. —^More 
complicated circuits than those which have been discussed are sometimes 
used. Among these are the Meissner circuit, shown in Fig. 10-54, and 


Fig, 10-54. —Meissner oscillator. Fig. 10-55. —Tunod-grid- tuned-plate oscul- 

lator. 

the tuned-grid-tuned-plate circuit of Fig. 10-55, in which feedback is 
through the grid-plate capacitance of the tube. The fact that both the 
grid and plate circuits are tuned in the latter circuit tends to improve the 
frequency stability and the wave form. A disadvantage of both of these 
circuits is that they may oscillate at two fre¬ 
quencies, ^d that the frequency may jump from 
one value to the other. Analysis shows that two 
frequencies of oscillation are to be expected when 
the circuit contains two resonant branches that are 
closely coupled. (The primary inductance of the 
Meissner circuit resonates with its distributed 
capacitance.) The two frequencies of oscillation ^ 

T ,,ii T /•ii 10-55. -Goner- 

are analogous to the two peaks of the resonance aiized feedback oBcilia- 

curve of a doubly tuned transformer (see Sec. 6 - 22 ). circuit. 

10-34. Generalized Feedback Oscillator Circuit. —Figure 10-56 shows 
a generalized form of feedback oscillator circuit from which the various 
types of singly and doubly tuned circuits may be derived by the 
elimination of one or more of the circuit elements or couplings. The inter*- 
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electrode capacitances of the tube and the distributed winding capaci¬ 
tances serve as the condenvsers of the circuit of Fig. 10-56 and those 
derived from it." 

10-36. Push-pull Oscillators, —The basic feedback oscillator circuits 
may be modified to use two tubes in push-piilL As in amplifiers, the use 
of push-pull circuits increases the power output and decreases the har¬ 
monic content. The fre(|uency stability of push-pull circuits is also 
higher than that of single-sided circuits. They are used principally at 
high and ultrahigh frequencies. 

10-36. Figure of Merit of Oscillator Tubes. —The form of Eqs. 
(10-27), (10-37), and (10-38) shows clearly tlie importance of high trans¬ 
conductance in tubes used in feedback oscillators. These ecjuations also 
show that, for a given transconductance, oscillation will take place more 
readily the luglier the idate resistance. Since at a given transcon¬ 
ductance the ami)lification factor is proportional to the plate resistance, 
it follows that tlie '^figure of meritof a tube for use in a feedback oscilla¬ 
tor is the product figm- As high is also one requirement of a power 
tube, power tubes are in general good feedback oscillator tubes. 

10-37. Series and Parallel Feed. —^Circuits in which the plate supply 
voltage is connected in series witli the plate inductance, as in Figs. 10-48, 
10-49, 10-52, 10-54, and 10-55, are called series’-feed cpxuils. In practice 
it may be desirable or necessary to connect tlie plate to the oscillating 
circuit through a condenser and to apply the direct plate voltage through 
a choke, the reactan(‘.e of whi(di is so high tliat it does not appreciably 
affect the oscillating circuit. Air-coro chokes are used in radio-fre(|uency 
circuits, iron-core chokes in audio-frequency circuits. Examples of this 
method of applying the direct plate voltage^ called parallel feed, are given 
by the circuits of Figs, 10-53, 10-57, 10-69, 10-71, and 10-75, A disad¬ 
vantage of parallel feed is that difficulty may be encountered in prevent¬ 
ing parasitic oBcillations in the choke circuits. . 

10-38. Use of Self-bias to Limit Amplitude of Oscillatio^i™“Fc)r the 
purpose of simplicity, fixed biasing voltages have been indicated in the 
basic oscillator circniits. Fixed bias is rarely used, liowevcsr, in practical 
oscillators. In orden* to |)revent excessive distortion and to aid in ol)tain- 
ing fre(|ucncy stabiliziation, it is net^essary to limit the am|:)litude of 
oscillation. In fe(„Mlba<*k oscillators the criterion for oscillation involves 
the transconducvtance of tlicj tube, and the amplitude builds up until the 
average (dynamic) tranHconductanc‘.e (see Sec. 3-26) drops to the critical 
value below which oscillation cannot take place. Unfortunately, the 
average transconduc.taiu^.e first incvreascB with amplitude, and so tlie 
amplitude may increase to a high value before the average transcon¬ 
ductance again falls sufficiently to result in equilibrium. If the circuit is 
adjusted to give small equilibrium amplitude, then it will not start of its 
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own accord. As explained in Sec. 10-18, a similar difiSculty ma}/ be 
experienced with some negative-resistance oscillators. This difficulty 
may be prevented by causing the grid bias to increase autbmatically with 
amplitude. 

The most common method of limiting the amplitude of oscillation is 
the use of a grid-blocking condenser and grid leak, as shown in Fig. 10-57. 
The initial bias is zero but, as soon as oscillation commences, the grid is 
driven positive during a portion of the cycle and so electrons flow from 
the cathode to the grid. During the remainder of the cycle these elec¬ 
trons cannot return to the cathode but can only leak off the condenser and 
grid through the grid leak Rc- The trapped electrons make the potential 
of the grid negative with respect to the cathode, thus providing a bias.^ 
The greater the amplitude of oscillation, the more positive the grid swings, 

and the greater is the average grid 
current. Thus the bias builds up 
with oscillation amplitude, causing 
the transconductance to fall until 
equilibrium is established. In this 
manner the amplitude may be pre¬ 
vented from becoming too high 
without making the ciuiescent trans¬ 
conductance so low as to prevent 
oscillation from starting spontane¬ 
ously. Under equilibrium conditions, 
grid current flows during only a very small fraction of the cycle, and the 
grid bias is very nearly equal to the amplitude of the alternating grid 
voltage. 

Low power loss in the resistor, high frequency stability, and good wave 
form call for the use of high grid-leak resistance; but if the resistance and 
capacitance are too high, oscillation is not continuous. After a number 
of cycles of oscillation the bias becomes so high that the circuit stops 
oscillating, or blocks.'^ Because oscillation starts at a lower bias than 
it stops, some time elapses while the condenser discharges sufficiently to 
allow oscillation to recommence, and so periods of oscillation alternate 
with periods of rest. This phenomenon is termed motorhoating^ The 
period of motorboating depends upon the time required for the condenser 
to discharge, which increases with the product of the grid condenser 
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(b) 

Fig. 10-57.—Self-biasod Hartley os¬ 
cillator with (a) series plate feed and (6) 
parallel plate feed. 


^ The bias may also be considered to result from the flow of current tlirough the 
grid leak. 

2 Beatty, R. T., and Gilmour, A., Phil Mag,j 40, 291 (1920); Rbohkwkin, S., 
and WwEDENSKY, B., Physik. Z., 32, 150 (1922); Taylor, L. S., Oyt. Soc. Am, and 
Rev. Sci, Instruments, 11, 149 (1926); J. Franklin Inst., 203, 351 (1927), 204, 227 
(1927); Phijs, Rev., 29, 617 (1927). 
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capacitance and the grid-leak resistance. By proper choice of circuit 
constants, the circuit can be made to block after a single oscillation. 
Figure 10-58 shows one form of blocking oscillator used as a periodic- 
pulse generator, and Fig. 10-59 shows the form of a typical voltage pulse 
generated by such a circuit. If the inductances and distributed capaci¬ 
tances of the coils are small, the pulse is of very short duration. The 
repetition frequency is governed by the product RC. 

Another factor that limits the size of the grid resistor is danger of 
cumulative increase of positive grid voltage and plate current as the 
result of primary and secondary grid emission. This action was explained 
on pages 157“158. 

When automatic bias is produced by. grid rectification, as in the 
circuits of Fig. 10-57, the use of a biasing battery (or cathode bias resistor) 




Fig-. 10-68.—Bkx'king oscillator for the Fia. 10-59.—Single-cyclo pulso generated 
generation of periodic pulses. l>y the circuit of Fig. 10-5k 


in addition to the condenser and leak has no effect upon the amplitude 
of oscillation. The grid swing is approximately equal to the equilibrium 
value of bias. If a C battery is introduced after cqtiilibrium is estab¬ 
lished, the total bias will l)e temporarily increased by the battery voltage, 
and so the amplitude will fall. Because of the reduced amplitude and 
the increased bias the grid will no longer swing positive during the positive 
peaks of the cycle, grid current will cease flowing and the grid condenser 
will discharge, reducing the negative voltage of the grid. This will con¬ 
tinue until tlie negative grid voltage has fallen to the original equilibrium 
value, at which time tlie grid will again swing positive at the positive 
peaks, and eciiiilibrium will be reestablished at the initial amplitude. 
Thus, after the oscillator lias started, the only permanent effect of the 
addition of the C battery is the lowering of the average condenser voltage 
by an amount equal to the added battery voltage. The condenser cannot, 
however, charge in sucli a direction as to make its grid side positive, and 
so if the battery voltage is made to exceed tlie equilibrium value of bias 
voltage, oscillation will cease* An external bias somewhat smaller than 
the equilibrium value will prevent the oscillator from starting. Change 
of plate voltage chimges the equilibrium bias and lienee the amplitude* 
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By the use of a diode as the rectifier, as in the circuit of Fig, 10-60,^ 
automatic amplitude control may be combined with manual control by 
supplementary bias. The supplementary bias produced by the cathode 
resistor prevents grid rectification. Since the supplementary bias is not 
in series with the rectifier in this circuit, increase of supplementary bias 
reduces the bias that the rectifier must supply in order to maintain 
equilibrium. Because the bias provided by the rectifier is roughly equal 



Fig. 10-60.—Circuit combining adjustable r'lo. lO-Gl.—Application of diode am- 
bias and diode automatic bias, plitudo control to the nogativo-resistaiice 

oscillator of Fig. 10-45. 

to the crest amplitude, the amplitude of oscillation is thus reduced by 
an amount equal to the supplementary bias. The heavy lines of Fig. 10- 
61 show how diode amplitude control may be applied to the negative- 
resistance oscillator of Fig. 10-45. The primary impedance of the 
transformer should be high in comparison with the impedance of the 
tank circuit. 


10-39. Resistance-capacitance-tuned Oscillators.—In Sec. 10-28 it 

was pointed out that if the application 
^ 9 of a voltage Ei to the input of an 

vvwv—II amplifier produces an output voltage 

I — Amplifier —^ Eo, a portion Ef of which is impressed 

Cz-p RzlEi AEi upon the input terminals, sustained 

'--—I m oscillation results if E/ is ecjual to Ei in 

'-1-1 phase and magnitude. Since the proper 

Pio. 10-62.—Basic circuit of one phase and magnitude of feedback volt- 

type of resistance-capacitance sine- , ... . .,, , ,, 

wave oscillator. may be attailu'cl without the use ot 

inductance, it is possible to design oscil¬ 
lators that do not require inductance. The basic form of one such oscil¬ 
lator is shown in Fig. 10-62. ^ Inspection of Fig. 10-62 shows that the 
following relation must hold in order for sustained oscillation to take 
place: 


Fig. 10-62.—Basic circuit of one 
type of resistance-capacitance sine- 
wave oscillator. 


1 Arguimbait, L. B., Froc. LR.E,, 21, 14 (1933); Geoszkowkici, J., Proc, TJIE,, 
22, 145 (1934). 

2 It is of interest to note that the coupling network in tins oHcuilator may he con¬ 
sidered to be a special form of the Wien bridge of Fig. 15-43 in whi(4i rn and n 
a.re laero. 
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Ei = Ef = AEi 


R^/a + 


■^ 2/(1 3^R%C^ -1- itii -t- i/y«Ci 


(10-39) 


in which A is the vector voltage amplification of the amplifier. Rationali¬ 
zation of Eq. (10-39) gives a complex identity, the real and imaginary 
parts of which must each be identities. These two identities yield the 
following expressions for the frequency of oscillation and the criterion 
for sustained oscillation: 


/ = 


2x VRiR^CxCi 


A = 1+^ 

^ Ea ^ Cl 


(10-40) 

(10-41) 


If the two resistances are equal and the two capacitances are equal, these 
equations reduce to 


^ ^RiCl 
A = 3 


(10-42) 

(10-43) 


The fact that the frequency is inversely proportional to the capacitance, 
instead of to the square root of the capacitance, makes it possible to 
cover a 10-to-l frequency range with ganged condensers of the type used 
in broadcast receivers. The frequency band may be readily changed by 
changing Ri and R^. Care must be taken to make the circuit constants 
of such values as to ensure that the oscillation is of the sinusoidal type. 

Equation (10-41) shows that the vector amplification A of the ampli¬ 
fier must be real and positive, ie., the output voltage must be in phase 
with the input voltage. This is true in a two-stage resistance-capaci¬ 
tance-coupled amplifier in the mid-band range of amplification. The 
range of frequency over which the amplification is independent of fre¬ 
quency may be extended and the amplification made essentially inde¬ 
pendent of the feedback circuit Ri-Bs-Ci-Ca by the use of inverse feedback 
within the amplifier. The effect of the feedback network Rr-R 2 -Ci-C 2 
upon the amplifier can be further reduced by the use of a cathode- 
follower output stage in addition to the two stages required to make the 
output voltage of the amplifier in phase with the input voltage. 

Figure 10-63 shows a i)ractical form of this circuit used in one of the 
most succicssful commercial resistance-capacitance-tuned oscillators. "■ 
The ballast lamp Rs, in combination with the resistance Ri, provides 
inverse fisedback that makes the amplification and phase shift of the 
two-stage resistancc-capacitance-coupled amplifier independent of vari¬ 
able circuit parameters, supply voltage, and tube characteristics, and at 

1 Tebman, F. E., Buss, R. R., Hewlett, W. It., and Cahill, F. C., Proc. I.R.E., 
27 , 649 ( 1939 ). 
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the same time affords a method of stabilizing the amplitude of oscillation. 
Increase of amplitude raises the current through the lamp and thus 
increases its resistance. This in turn increases the inverse feedback, 
which decreases A and hence tends to prevent increase of amplitude of 
oscillation. 

Because the mu-factor relating the suppressor and screen voltages 
of a pentode is negative throughout a portion of the operating range of 
voltages (see Sec. 10-23), a single-stage amplifier in which the output 



Fig. 10-63.—Practical form of the oscillator of Fig. 10-02. 


voltage is in phase with the input voltage may be made by impressing 
the input voltage upon the suppressor of a pentode and taking the output 
voltage from the screen circuit. Such an amplifier may, therefore, be 
used in the oscillator circuit of Fig. 10-62, giving the single-tube resist- 
ance-capacitance-tuned oscillator of Fig. 10-64. The purpose of the 
resistance 22/ and the condenser Cf is to provide inverse feedback in order 
to improve wave form and stability. The frequency is varied by means 



Fig. 10-64.—Single-tube version of the circuit 
of Fig. 10-62. 



Fig. 10-65.—Basic circuit of the *'|>hasie- 
shift” oscillator. 


of Cl, Ci, and 222. The condenser C 2 may shunt the screen resistor, 
instead of 222 .^ 

A single-stage amplifier of the ordinary type may be used an the 
basis of a resistance-capacitance-tuned oscillator if the feedback network 
is capable of providing a 180-degree phase shift. The basic circuit of 
such an oscillator is shown in Fig. 10-65. ^ If < < 22 and all capaci- 

DbLavp, P. S., Electronics, January, 1941, p. 34 (with bibliograpiiy). 

^ Ginzton, E. L., andH ollingswoeth, L. M., Proc. I.R.E., 29, 43; Kundk W W 
Seeiromcs, November, 1943, p. 132. . . , n . n, w. V> ., 
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tances C and resistances R are alike, the frequency of oscillation is 
and the required amplification of the amplifier is 29. If 
the tuning is varied by means of only two of the condensers, which are 
ganged, the frequency does not vary linearly with 1 /C, and the required 
amplification varies with frequency. Since the amplification must be 
sufficient to ensure oscillation over the entire tuning range, the amplifica¬ 
tion will then be greater than required over much of the range, and 
automatic amplitude control must be used in order to maintain constant 
amplitude and ensure good w'ave form. Figure 10-66 shows a practical 
form of this oscillator incorporating automatic amplitude control. 
Improvement results from the addition of a cathode-follower stage 



between the amplifier and the phase-shifting network in order to prevent 
changes in the phase-shifting resistances and capacitances from affecting 
the amplification. Other types of feedback networks than that of 
B’ig. 10-65 may be used. 

Because the total phase shift through the amplifier and feedback 
network must bti zero or a multiple of 27r in a feedback oscillator, any 
change in pliase shift through the amplifier, as the result of change of 
sui)ply voltage; or of,her c,auses, must l>c accompanied by an equal change 
in phase shift through the feedback network. Since such a phase shift 
in the network n^sults from a change in oscillator frcciuency, it follows 
that good freciueiicy stalulity necessitates the use of a feedback network 
in which tlie rate of cliango of phase shift with frequency is high. An 
oscillator developed by Meacham^ uses as the feedback network a 
bridge, one arm of which is a quartz crystal. The opposite arm of the 

‘ L. ;\., Proc. I.R.E., 26, 1278 (1938). 
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bridge is a resistance having a high positive temperature coefficient of 
resistance, which causes the attenuation of the bridge to build up rapidly 
with increase of amplitude of oscillation and thus affords automatic 
amplitude control Meacham reports a frequency stability of 2 parts 
in 101 Inasmuch as the crystal frequency is not variable, this type of 
oscillator is suitable only for the generation of fixed frequencies. This 
limitation is avoided in circuits developed by Shepherd and Wise,' 
in which “bridged-T”^ feedback networks are used. These circuits, 
like that of Meacham, incorporate temperature-controlled resistances 
(thermistors®) in order to obtain automatic amplitude control. Either 
resistance-capacitance or inductance-capacitance networks may be used. 
Figure 10-67 shows the oscillator stage of one of these oscillators, in which 
tuning is accomplished by means of ganged resistors and frequency 
ranges are changed by means of condensers. The oscillator stage is 
followed by a two-stage inverse-feedback amplifier. Shepherd and 



Pig. 10~67.—Resistance-capacitanco-tunod oscillator using a bridgod-T network. 

Wise report a variation of output amplitude of less than ±0.5 db over 
the frequency range from 40 cps to 60 kc. 

Figure 10-68 shows the block diagram of another feedback oscillator 
that is tuned by means of a resistance-capacitance bridge. The amplifier 
is designed to have constant amplification and zero phase shift over a 
wide range of frequency. Degenerative feedback is applied to the 
amplifier through an impedance bridge. Since the output of the bridge 
is zero at resonance, the inverse feedback is a minimum at this frequency, 
and the amplification of the amplifier with inverse feedback is a maxi- 
mum. The regenerative-feedback network, which has flat i*(\spoiiH(^, 
throughout the frequency range of the amplifier, applies positive f(uulha(*k 
to the amplifier. If the positive feedback is high enough, suHiaimMl 
oscillation takes place at the frequency at which the amplification is 
greatest, ^.e., at the resonance frequency of the bridge. The phase 

1 Shepheed, W. G., and Wise, R. 0., Proc. LR.E,, 31, 256 (1943). 

^'Tuttle, W. N., Ptoc. LR.E., 28, 23 (1940); Honnell, P. M., Proc. 28, 

88 (1940). 

3 Peaeson, G. L., Phys. Rev.^ 67, 1065 (1940). 

^ Scott, H. H., Proc. I.R.E.j 26, 226 (1938); Gen. Radio Expt., 13, April, 19S9, 
p. 1; 14, January, 1940, p. 6. 
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inverter is necessary in order to make the feedback voltage of correct 
phase to give regenerative feedback. The Wien bridge, shown in Tig. 
15-43, is a suitable form of degenerative-feedback bridge. If = 27 - 4 , 
Ti — r 2 , and Ci = C 2 , the bridge is balanced when / = l/27rriCi. 

The oscillators of Figs. 10-63, 10-66, 10-67, and 10-68 have low har¬ 
monic content, high frequency stability, and constant output voltage. 
They may be readily designed for wide frequency ranges, are relatively 
inexpensive to manufacture, and are light and compact. 



Fig. 10-68.—Block diagram of feedback H-C oscillator. 


10-40. Problems of Oscillator Design.—A satisfactory oscillator 
for laboratory or commercial use must satisfy the following requirements: 
( 1 ) The harmonic content must be small. ( 2 ) The frequency must be 
independent of battery voltages and load and must not drift. (3) The 
output voltage or power must be independent of frequency and must not 
change during operation of the oscillator. (4) The calibration must be 
accurate and constant. (5) The oscillator must be capable of furnishing 
the required power or voltage output. 

These requirements, particularly as they affect tank-circuit types of 
feedback oscillators, will be discussed in the sections that follow. 

10-41. Wave Form of Feedback Oscillators.—The harmonic con¬ 
tent of the output of oscillators, like that of amplifiers, is decreased by 
straiglitening the dynamic characteristics, by limiting the amplitude of 
oscillation, and by the use of push-pull circuits. Although Class A 
operation of feedl)ack oscillators is desirable for low distortion, the 
resonant circuits of oscillators greatly reduce the harmonic content and 
allow the use of Class B and C operation, even in single-sided circuits. 
Class B and C operation are particularly applicable to radio-frequency 
oscillators l)ecause of the ease with which harmonics may be removed 
by means of tuned filters. In designing small low-distortion oscillators 
for laboratory use, it is advisable to use Class A operation and to keep 
the amplitude of oscillation as low as possible. Because the current in 
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the inductance is more nearly sinusoidal than the plate current, especially 
when Class A1 operation is not used, the output voltage or power should 
be taken from the tank circuit when good wave form is desired. 

The harmonic content of feedback oscillators in Class A operation 
is decreased by increase of effective load impedance. The effectives 
impedance presented by the tank circuit of a tuned-|)late oscillator can 
be adjusted by the use of a tapped inductance. If the plate is connected 
to a tap and the condenser- shunts the whole inductance, the effective 
load impedance presented to the plate is less than L/rC, If tlie corulenBer 
is connected to the tap, on the other hand, and the platen to the end of the 
inductance coil, the effective load impedance exceeds L/rCA The sames 
method is applicable to the Hartley oscillator. In the tiUHHl-grid 
oscillator the load impedance may be adjusted by the inductaiu^e and 
coupling of the plate coil. The load may also he changed by means of 
the ratio of tuning inductance to capacitance. 

10-42. Frequency Stability.—Undesired changes of fre(|ueru 5 y result 
from three major causes: changes in the mechanical [irrarigemeut of tlie 
elements of the oscillating circuit; in the values of the c.iixmit |)araineters; 
and in the amplification factor, grid and plate resistances, and inter- 
electrode capacitances of the tube.^ 

Changes in the mechanical arrangement of tlu^ circniit edements 
may be produced by vibration; by mechanical, electrostatics, or idecitro- 
magnetic forces; or by temperature changes, ddiey (^an be niininiiiied 
by careful mechanical and electrical design and by temperature control. 
Variations in the values of the circuit parameters result from cdianges 
in temperature of inductances and condensers and from variation of 
load, which alters the effective a-c resistance r of the tuncHl circuit* 
Changes of inductance and capacitance can be minimii5(Hl l>y: temixuature 
control; the use of thermally compensated inductances® and tennjrerature¬ 
controlled compensating condensers;'^ and the careful choice of ap|>aratiiB 
and the judicious location of component parts. Methods of preventing 
the variation of frequency with load will be considered in detail. 

Tube factors are dependent upon operating voltages, upon catliocla 
emission, and upon electrode spacing. Operating V()lt 4 ig(‘s <^an ba 
stabilized by the use of voltage-regulating devices. Variat ion of (aithodis 
emission is probably the least important fact-oi‘ and can Ih\ r(‘diKaxl liy 
the maintenance of rated cathode temperature. Ehadrcrdc siriieing, 
which depends to some extent upon tube temperature*, also aifccts tlia 

^ 1/ is the portion of the inductance shunted by C. 

2 See, for instance, F. B. Llewellyn, Proc, LlUl, 10, 20()3 (11)31): II. CUinn, 
Froc. LR.Fj,, 18, 1560 (1930). 

3 Gkiffiths, W. li.. Wireless Eng., 11, 234 (1934). • 

4 Gxjnn, R., Ptoc. LR.E., 18, 1565 (1930). 
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interelectrode capacitances. The dependence of frequency upon inter¬ 
electrode capacitances and upon stray circuit capacitance can be mini¬ 
mized by the use of a high ratio of tuning capacitance to inductance and 
by using circuits in which the tuning capacitance shunts the grid-plate 
capacitance. 

10-43. Effect of Load upon Frequency. Use of Buffer Amplifier 
and Electron Coupling.—The exact expressions for frequency [Eqs. 
(10-8), (10-28), and (10-36), etc.] involve r, the effective a-c resistance 
of the inductance, which in turn depends upon the power delivered by 
the inductance. It follows that the frequency of oscillation will be 
affected by changes of load unless the out¬ 
put is taken from the oscillator in such a 
manner that the current in the inductance 
is not changed. Because of the conduc¬ 
tive or inductive coupling between the 
tank inductance and the grid and plate cir¬ 
cuits, applying the load to the grid or plate 
circuits is equivalent to shunting it across 
the inductance. Changes in load may be 
prevented from affecting the frequency by 
using the oscillator to excite a power amplifier from which the power is 
taken. 

Another method of making the oscillator frec:|uency independent of 
load is the use of electron coupling in taking the power from the oscillator.^ 
A Hartley osciillator with electron-coupled load is sliown in Fig. 10-69. 
The control grid and screen of a tetrode replace tlie grid and plate of a 
^triode in the oscillating circuit. The plate cii‘cuit serves only to deliver 
the output. The flow of electrons iihrough the sci’een grid varies with 
screen current, which in turn varies at the oscillation freciuency. Th(5 
electrons that pass through the screen are attracted to tlie plate by the 
plate field, and hence the plate current lias an alternating component 
whose frequency is eciual to the oscillation frecpiency. Since the field 
of the i)late terminates almost entirely on the screen, the plate load has 
very little effect upon the oscillating circuit. 

Bec.ause of capacitive (uuipling of the load to the oscillating 
circuit through the s(U’een-plate capacitance, the simple electron-coupled 
circniit, of which Fig. 10-69 is an example, is not entirely free from the 
effects of reaction of load upon the oscillating circuit. This difficulty 
may be eliminated l)y the addition of a neutralizing condenser Cn, 
as in Fig. l()-7(). The condenser Cn and the screen-plate capacitance 
form a voltage divider, the ends of which are connected to the control 
grid and screen. Since the control-grid and screen alternating voltages 

i Dow, J. B., Froc. LR,E,, 19, 2095 (1931). 
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are opposite in phase, a setting of may be found at which no alternating 
voltage is applied to the plate when the plate supply voltage is 2 ;erc), 
The same result may be accomplished by using a pentode in place of the 
tetrode, the third grid, which is made positive, acting as a screen l)etween 
the second grid and the plate. 

If the plate and oscillator-anode voltages are properly choserp the 
change in frequency resulting from a change in plate voltage is ec|ual and 
opposite to that resulting from a proportional change of oscillator-anode 
voltage.^ Therefore, if the supply voltage for the oscillator anode 
(the screen in Figs. 10-69 and 10-70) is obtained from a tap on a voltage 
divider across the plate supply voltage, a setting of the tap (!an be found 
such that the frequency is independent of voltage variation. Tims, the 
electron-coupled oscillator not only prevents reaction of load tii)on the 
oscillating circuit but also may be designed to minimize tlie effect of 

supply-voltage variation upon freciiuuicy. 

The advantages of the ehKd.r()n-coupl(Mi 
oscillator are gained at the expenm of good 
wave form. The high harinonic^ eontcmt of 
electron-coupled oscillators resultH from two 
causes. Inasmuch as tlie oscillator-anod© 
current is in itself not sinusoidal, the space 
current beyond it is not likely to bo. 
Secondly, the plate current in infhic^nced by 
secondary emission effec^ts and may even 
reverse. Oscillographic studies show that 
it is difficult to obtain sinusoidal output 
from electron-coupled oscillators without the use of a resonant circuit or 
other form of filter in the output circuit. 

10-44. General Methods of Frequency Stabilization.—The gtuierul 
method of obtaining a high degree of frequency stal)ility is not to at t (nnpi 
to prevent the variation of tube factors, but to design tlie oscillator in 
such a manner that frequency is not affected by variations of tuljc^ factors. 
This is done in four principal ways: 

1. Proper choice of electrical parameters of the OH(*illatiug (circuit: 

a. Resistance stabilization. 

h. Capacitance or inductance stabilization. 

c. Use of unity coupling. 

2. Use of mechanical oscillating systems: 

a. Piezoelectric crystals. 

b. Magnetostrictive rods. 

3. Use of selective filters as the oscillating circuits, 

4. Elimination of harmonic currentB by means of tuned filters. 

1 Dow, loc, ciU 



Fig. 10-70.—Tuned-grid os¬ 
cillator with, electron-coupled 
load, showing neutralizing con¬ 
denser Cn* 
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Heising has shown, that the frequency stability of tank-circuit feed¬ 
back oscillators is favored by the use of a low L/C ratio, blit that this also 
decreases the range of circuit adjustment over which oscillation is 
obtained. Q, which is a measure of sharpness of resonance would, at 
first thought, be expected to increase frequency stability. Heising proved, 
however, that high Q does not necessarily increase frequency stability but 
may actually decrease it. Stability is increased by the combination of • 
high Q and low L/C A 

10-46. Resistance Stabilization.—One of the simplest ways of improv¬ 
ing the frequency stability of standard oscillators is by resistance stabili¬ 
zation, which consists of the addition of a high resistance r/ between the 
plate and the oscillating circuit, as shown in the typical circuits of Figs. 
10-71 and 10-72.^ The primary function of this resistance is to make the 
total effective resistance in the plate circuit so high that changes in the 



Fig. 10-71.•—Resistance-stabilized Hartley Hia. 10-72.—Resistance-stabilized tuned- 
oscillator. grid oscillator. 

plate resistance of the tube have little effect upon the oscillating circuit. 
A second function of the resistance is to provide a convenient means of 
controlling the feed back, and thus the amplitude of oscillation. The 
resistance should be made so high that oscillations will barely start. 
Then as soon as the amplitude builds up to the point where the grid 
starts to swing positive, the additional losseB I’esulting fx’om the flow of 
grid current prevent further increase of amplitude. In order to prevent 
undesirable phase shifts, the blocking condenser in series with the resist¬ 
ance should be so large that its impedance is negligible in comparison 
with the resistance. 

Details of design of resistance-stabilized oscillators have been worked 
out by Terman,^ who recommends the use of tubes having amplification 
factors ranging from 4.5 to 8, unity turn ratio of grid and plate coils, close 
coupling between grid and plate coils, and a feedback resistance of the 
order of from two to five times the plate resistance. The feedback 
resistance should not exceed 500,000 ohms in audio-frequency oscillators, 
and the resistance of the tank circuit at antiresonance^ should lie between 

1 Heising, R. A., Froc. LR.E., 31, 595 (1943). 

2 Horton, J. W., Bell System Tech. J 3, 508 (1924). 

Terman, F. K., Electronics, July, 1933, p. 190. 

^ The autiresonaut frequency of a parallel resonant circuit is that at which the 
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10,000 and 50,000 ohms. Terman gives the following formula for 
value of feedback resistance at which oscillation will just start: 

Ts = n(M — 1) — ‘>'v 

where n is the effective resistance of the resonant circuit at antiresonane**- 
Resistance stabilization does not prevent frequency variation as th** 
result of change of grid resistance with supply voltages. 

10-46. Impedance Stabilization.—^Ijlewellyn has shown that a mor** 
general type of stabilization, consisting of the use of capacitance «»*' 
inductance in series with the grid or plate of the oscillator, or both, 
results in complete independence of oscillation fre<iueney from variation* 




Fia. 10-73.—Impedance-stabilized Hartley, tuned-grid, and tuned-plate estnllators, 

of tube factors, and hence battery voltages.^ Llewellyn’s analyHis cofi** 
sists of setting up the equivalent circuits of fcedl)a(;k oscillators and det€*»r»* 
mining from a general solution of the circuit equations the condition#* 
under which the frequency of oscillation is intlei)en(lent of tul)e fac^tow- 
The effect of grid current is taken into account in the analysis, but 
tortion resulting from nonlinearity of tube characteriHiics is neglect 
It is assumed that losses in the oscillating circuits are so small as to I mf 
negligible, and that load is applied to the oscillator through a luilTer staict*^ 
which draws no power from the oscillator. In Fig. 10-73 are sliown son it* 
of the methods of stabilizing Hartley, tuned-grid, and tuiUHl-plate OBC*il- 
lators. Other types of oscillators may be stabilized in a similar maniu^r* 

High stability may also be attained by the use of close coupling* 
Llewellyn states, 

The frequency of an oscillator with unity coujiiing between grid and 
circuits depends only upon the inductances and capacitam^es in the circuit, an*I 
not at all upon the tube parameters, r,,, and jjl provided, liowc^ver, that lossf 

impedance is nonreactive. At this frequency tlie imptHiaruM* w (‘<iual to lj/r(% wlnu^i* i 
is the resistance of the inductor. 

1 Llewellyn, F. B., Proc. IM.B,, 19, 2063 (1931). H<‘C also (J. 11. Stevenhcim, 
Bell System Tech. J 17, 458 (1938). 
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(i+kVu) 


vcrq 

Fia, 10-74.-—Impedauco-stabilized oscil¬ 
lator of generalized form. 


in the external circuit are small, and that the harmonic voltages across the tube 
are small enough to allow and to be considered as pure resistances. 

If the actual inductive coupling coefllcient is not unity, an equivalent 
effect can be obtained by the addition of capacitance in series with the 
grid Or plate coils, or both. Figure 10-74 shows one method of obtaining 
such stabilization in the generalized feedback oscillator of Fig. 10-56. 
The stabilizing capacitance may also be placed in series with the grid coil 
instead of in series with the plate coil, 

or stabilizing capacitance may be - 1 ✓'iv 

used in both grid and plate circuits. Ci 

In a practical stabilized circuit the --ll~~ 

stabilizing capacitances or induct- 
ances may also serve other functions 

in the circuit. Figure 10-75, for P l _ 

instance, shows a practical circuit of C 2 +C 3 (i+kV'u) 

a doubly stabilized tuned-grid oscilla- Cg = ^- 

tor, in which the plate stabilizing 

condenser serves as a blocking con- k« .■== 

denser for the B-supply voltage, and ^ 

the grid stabilizing condenser serves 

to furnish grid bias (in the manner 

discussed in Sec. 10-38). A resistance shunting a stabilizing condenser 
alters the required value of stabilizing capacitance and reduces the effec¬ 
tiveness of stabilization. For this reason the grid leak R,, should be large, 
and the exact value of stabilizing capacitance is determined most readily 
experimentally. 

When precautions are taken to ensure a low-loss resonant circuit, the 

_ 11 II relations given for stabilization hold very accu- 

CsiflyjzlN I Csi I’ntely, remaining variations of frequency being 
I —I'p > accounted for by interelectrode capacitances and 

I = Y by the presence of harmonics. The effect of tube 

s ’ I I _IJ • capacitances may be made unimportant by the use 

jg ' ^ _ of circxiits in which the tube capacitances form a 

Fig. 10 - 75 .— Practical portioii of the timed circuit. The effect of har- 

form of doubly Htabiiizocl monicB mav be prevented by using low amplitudes 
tuiied-grid OBcillator. .. mi 1 • v' 1 ' i ii 

01 oscillation or by providing low-reactance paths 
for the harmonics so that they cannot build up reactive voltages across the 
tiibe.^ The performance of stabilized oscillators checks the the^^retical 
analysis. A 1-Mc oscillator showed less than 10 cps variation m fre¬ 
quency when the plate voltage was reduced 50 per cent and practically 
no change with a 50 per cent reduction of filament current.^ Much 


1-in 

CsiJ 


Cst 

=^lll 

—iLl 

r-—^ ' 


Fig. 10-75.—Practical 
form of doubly Htabiiizocl 
tuiied-grid OHcillator. 


YLlf.wkllyn, ioe. eit. 
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greater frequency stability was found experimentally for a tightly coupled 
oscillator than for a loosely coupled one. 

The form of the equations for stabilizing capacitance shows that for 
most types of oscillators it is necessary to vary the stabilizing capacitance 
with the tuning capacitance when adjustable frequency is required. 
When grid or plate stabilization alone is used, the reciuired stabiliiaing 
capacitance is proportional to the tuning capacitance. Ik^'-ause the 
frequency is independent of grid and plate resistance when stabilization is 
complete, an external load may be applied either between grid and 
cathode or between plate and cathode without affecting the stabilization. 

10-47. Crystal Oscillators.^^The control of frequen(‘.y by means of 
crystals is based upon the piezoelectric effect. When certain crystals, 
notably quartz, are compressed or stretched in certain directions, electric 
charges appear on the surfaces of the crystal that arc perpendicular to the 
axis of strain. Conversely, when such crystals are placed between two 
metallic surfaces between which a difference of potential exists, the 
crystals expand or contract. If the potential applied to the plates is 
alternating, the crystal is set into vibration, the amplitude Ixnng greatest 
at the mechanical resonance frequency of compressional oscillation of the 
crystal. Although special types of crystals may be iiacxl in audio-fre¬ 
quency oscillators, 2 crystal control is at present restricted mainly to radio- 
frequency oscillators. 

Figure 10-76 shows one commonly used crystal oscillator, developed 
by J. M. Miller at the Bureau of Standards. The action of this circuit is 
readily understood when it is noted that the crystal and crystal mounting 
may be represented by the equivalent electrical circuit of Fig, 10-77.® 
When the plate load is inductive, the effective input conductance of the 
tube is negative (see Sec. 4-3). Oscillation may, therefore, be set up in a 
resonant circuit connected between the grid and the cathode. In order to 
maintain an inductive plate load the plate circuit must be tuned so that 
its resonant frequency is slightly higher than that of the crystal The 
value of the crystal in controlling frequency lies in the extreme sharpness 


1 Cady, W. G„ Proc. I.R.E., 10, 83 (1922); Pierce, G. W., Proc. Am, AcatL Arts 
Sci., 69, 81 (1923); Hull, A. W., Phys. Rev., 27, 439 (1926); Dye, I). W., Proe, Phyn. 
Soc. London, 38, 399, 457 (1926); Hund, A., Proc. IJLE,, 14, 447 (1926), 16, 1072 
(1928); Wheeler, L. P., and Bower, W. E., Proc. I.R.E., 16, 1035 (1928); Van Dyke, 
K. S., Proc. LR.E., 16, 742 (1928); Harrisok, J. E., Proc. LR.E., 16, 1455 (1928); 
Terry, E. M., Proc. LR.E.. 16, 1468 (1928); Cady, W. G.,Proc. LR.E., 16, 521 (1928) 
(with bibliography); Wright, J. VI., Proc. I.R.E., 17 ,127 (1929); Meahl, 11. It., Proc. 
LR.E., 22, 732 (1934). For other references, see A. Hund, ^ridienomcma in High- 
frequency Systems,p. 118, McGraw-Hill Book Company, Inc., New York, 1936. 

2TYKOGINER, J. T., and WoonaurF, M, W., Vniv. Ill Eng. ExpL Stu. Bull 291, 
1937. 

^ Van Dyke, loe. dt, 
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of its resonance curve. Values of Q of the equivalent circuit of a quartz 
crystal may be of the order of 10® and, with special techniques, 10®. 
Because of the resulting sharpness of resonance, the crystal can oscillate 
over only a very narrow frequency range, and hence the frequency 
stability of a crystal oscillator is high.* When the temperature of 
the crystal is maintained constant by means of a temperature-control 
chamber, the frequency drift may be made less than 2 parts in 10 million. 

In the original Pierce ^ circuit, the crystal is connected between the 
grid and plate of the tube, instead of between the grid and cathode. This 
circuit will oscillate only when the plate load is capacitive, and there¬ 
fore the natural frequency of the plate circuit must be slightly lower than 
that of the crystal. A crystal will also oscillate when connected to other 



Fig. 10-76.—One type of crystal-controlled 
r-f oscillator. 



CpTii’^ Co^joac/fa/yce ofmouniing 
ai'rgrcYp 

Fig. 10-77.-— Equivalent circuit of crystal 
and crystal mounting. 


types of negative-resistance elements,^ such as were described earlier in 
this chapter. Crystals may be used in push-pull circuits. 

Crystal-controlled r-f oscillators are essential in radio communication 
and broadcasting. The cutting of crystals and their use in r-f oscillators 
is discussed in detail in radio engineering textbooks. Because of the 
extremely sharp resonance of a crystal, it may also be used as a band-pass 
filter that passes a very narrow band of frequencies. One application of 
such a filter is in wave analyzers (see Sec. 15-38). 

10-48. Magnetostriction Oscillators.—The phenomenon of magneto¬ 
striction is the expansion or contraction of magnetic materials as the 
result of magnetization, and the converse change of magnetization as the 
result of strain. The phenomenon may be used as the basis of an oscil¬ 
lator havinfr high frequency stability.* The circuit diagram of a typical 

* Q, the ratio of the total inductive reactance to the total offoctivo resistance of a 
aeries oscillatory cirouit, is a measure of the sharpness of resonance. See, for iiustance, 
W. L. Evkeitt, "Communication Engineering,” 2d od., p. (55, McGraw-Hill Book 
Company, Inc., New York, 1937. 

1 PiniiCB, for. cit. 

2 MacKinnon, K. K.,Proc. I.R.E., 20, 1689 (1932). 

■'PiBKCK, G. W., Proc. Am. Acad. Arts Set., 63, 1 (1928); Proc. I.R.E., 17, 42 
(1929); Salisbuky, W. W., and I’oktkr, C. W., Reo. ScL Instruments, 10, 142 (1939). 
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magnetostriction oscillator is shown in Fig. 10-78, The operation is as 
follows: The steady component of plate current produces a steady strain 
in the rod. Any small change in plate current results in a change of mag¬ 
netization of the end of the rod that is within the plate coil. This results 
in an elongation or contraction of this portion of the rod and causes a 
compressional wave to move toward the other end of the rod. When the 
wave reaches the portion of the rod that lies inside of the grid coil, the 
resulting change in magnetic field induces a voltage in the grid coil, which 
causes a change of plate current. This change in plate current in turn 
starts out another compressional wave in the bar. The C()mi)ressional 
waves are reflected from the grid end of the rod and return to the plate 
end, where they are again reflected. If the polarity of the gi-id and plate 
coils is correct, the induced and reflected waves at the plate end are in 
phase and will reinforce one another. The tendency for the amplitude 
to build up is increased to the point of oscillation l)y tuning tlie electrical 



Fig. 10-78.— 
Single-stage mag¬ 
netostriction oscil¬ 
lator. 


circuit so that it has the same natural period as the 
rod. The action is not dependent upon inductive 
coupling of the coils. In contrast with that in feed¬ 
back oscillators, the orientation of tlu^ coils must be 
such that the inductive coupling is degenerative. The 
inductive coupling should preferably be made small by 
the use of shielding. Considerable improvcimeiit I’esulta 
from the use of a two-stage amplifier in place of the 
single tube shown in Fig. 10-78.’^ 


Because the change in length of an initially unmagnetizcid rod is of the 
same sign for both polarities of magnetization, the rod will vibrate at 
twice the frequency of the electrical circuit if it is not polarized. To 
ensure that the rod is polarized throughout its length, it is usually mag¬ 
netized permanently and placed in the coils so that the field of the plate 
coil increases the magnetization. 


Nickel, Monel metal, Nichrome, Invar, Stoic metal, and othm- nickel 
alloys may be used to make magnetostrictive rods. Difficulties of design 
of suitable rods having high natural frequency of oscillation re.stii(!t the 
use of the magnetostriction oscillator to frequencies within the audible 
and supersonic ranges. Very low audio frequencies are produceil by the 
use of rods that are loaded at the ends or that consist of an outer shell 
of magnetostrictive material filled with lead or other material having a 
low velocity of propagation of compressional waves. If the temperature 
of the rod is kept constant, a frequency stability of 1 jmrt in 3(),(K)0 may 
be obtamed. Dependence of frequency upon temperatui'e can be 


1 Pierce, G. W., and Noyes, A., Jr., J.A.8.A., 9, Ig.'i (1938) 

2 Pierce, loc. cit \ • 
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reduced by employing special alloys of low temperature coefficient^ or 
rods made up of a core and a shell of two magnetostrictive metals of 
opposite temperature coefficients of expansion. 

10-49. Tuned-filter (Multistage-feedback) Oscillator.— Excellent fre¬ 
quency stability can be obtained by feeding back the output of a sharply 
tuned multistage amplifier to the input, as shown in Fig. 10-79.2 The 
‘Pl*inciple of operation is the same as that of the common types of feedback 
oscillators except that amplification takes place in more than one tube. 
The sharper the resonance curves of the tuned circuits, the more difficult 
it is to cause oscillation at any but the resonance frequency. Very high 
frequency stability can be obtained by the use of complex filter sections 
or a large number of stages. Gunn reported a shift in frequency of less 
than 1 cps at a frequency of 1000 cps when the plate voltage of a two-stage 
circuit was changed by 50 per cent. At radio frequencies it is essential to 
prevent direct feedback in the individual 
stages. This requires careful shielding 
and the use of tetrodes or pentodes. 

For a properly designed radio-frequency 
circuit Gunn reported a 0.0003 per cent 
change in frequency with a 10 per cent 
change in plate potential, about 0.003 
per cent change in frequency for an 8 
per cent change of filament voltage, and 
a change of less than 60 parts per million 
per degree over a 2- or 3-degree temperature range. These results were 
obtained with d-c operation of the cathodes. The results were not quite 
so good with a-c filament operation. Altlioiigh the frequency is little 
affected by load, the use of a Glass A buffer power amplifier following the 
oscillator is recommended. 

10-60. Frequency Stabilization by Harmonic Elimination. —A num¬ 
ber of investigators have shown that frequency variation and harmonic 
content are interdependent.® The factors that ensure low harmonic con¬ 
tent, such as a linear operating characteristic and small amplitude, there¬ 
fore also tend to improve frequency stability. The frequency stability 
of an oscillator can be improved by the* use of series filter sections tuned 
to the harmonic frequencies, shunted across the tank circuit, but this 
method cannot be conveniently used with a variable-freciuency oscillator. 

10-61. Power Output of Oscillators.^— For reasons that have already 
been discussed, when it is necessary to obtain large power from an oscil- 

1 Ide, J. M., Proc, IJt.E., 22, 177 (1934). 

2 Gunn, Iloss, Proc. I.R.E., 18, 1560 (1930). 

Geoszkowski, J., Proc. I.R.E., 21, 958 (1933); Aequimbau, L. B.,Proc. LR.E., 
21,14 (1933); Moullin, E. B., J. ImL Elec. Eng. (London) 73, 186 (1933). 

4 Pkince, D. C., Proc. I.R.E., 11, 275, 405, 527 (1923). 



Eia. 10-79.—Timod-filter (multi¬ 
stage-feedback) oscillator. 
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lator it is usually expedient to use the oscillator only to excite a power 
anaplifier, with or without intervening voltage amplifier stages. When 
the power is to be obtained directly from the oscillator, however, it should 
be borne in mind that the oscillator is in reality a self-excited amplifier 
and that the laws which govern the design of power amplifiers also apply 
to power oscillators. For maximum power output in Class A operation 
the load impedance is equal to the plate resistance. The effective resist¬ 
ance of the plate circuit can be adjusted in the manner explained in 
Sec. 10-41. Occasionally other considerations, such as plate-circuit 
efficiency and harmonic content, may be of more importance than 
maximum power output. 

The power output that can be obtained from a Class A oscillator 
greatly exceeds the output from the same tube in Class A amplification. 
This is because the oscillator tube remains continuously excited and can 


normally be kept under constant load, whereas an amplifier usually has 
excitation of variable amplitude and may deliver zero output for long 
periods of time. As explained in Chap. 7, the maximum dissipation that 
the amplifier tube is required to withstand is equal to the plate-circuit 
input power. The oscillator tube dissipation under full load, on the other 
hand, is the power input to the plate circuit minus the power output. At 
22 per cent efficiency, the dissipation is 78 per cent of the input. The 
Class A oscillator can therefore use about 28 per cent higher input power 
and so deliver 28 per cent higher output with the same maximum plate 
dissipation. If the circuit drops out of oscillation, the tube is likely to be 



damaged, both because of the increase 
of plate dissipation with removal of 
load and because of the rise in plate 
current resulting from the removal of 
automatic bias. 

10 - 62 . Beat-frequency (Hetero¬ 
dyne) Oscillators.— In the beat-fre- 


Fig. of quency oscillator, shown schematically 

^ ^ in Fig. 10-80, the outputs of two 

radio-frequency oscillators of slightly different frequencies are applied 
simultaneously to a detector. The output of the detector contains, 
in addition to the impressed radio frequencies, their sum and differ¬ 
ence. By means of a filter, the fundamental radio frequencies and 
their sum are removed, leaving only the difference frequency in the out¬ 
put, which may be suitably amplified by audio-frequency amplifiers. 
The popularity of the heterodyne oscillator is due principally to the fact 
that the whole range of audio frequencies, from 15,000 cps, or higher, 
down to as low as 1 cps, may be covered with a single dial. Other advan¬ 
tages that may be obtained with careful design include good wave form^ 
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constant output level, lightness, and compactness. By proper variable- 
condenser design a logarithmic frequency scale may be obtained, a 
considerable advantage when the oscillator is to be used in obtaining 
amplifier-response curves. Unless extreme care is taken in the design and 
construction, however, this type of oscillator is likely to have relatively 
poor frequency stability, which necessitates frequent setting against a 
standard frequency during the period of use, particularly during the time 
required to establish temperature equilibrium. 

The design of a heterodyne oscillator involves a number of special 
problems, among which are the prevention of interaction between the 
oscillators, elimination of harmonics and other undesired frequencies, 
improvement of frequency stability, and the prevention of variation of 
output level. Interaction of the two r-f oscillators causes them to pull 
into synchronism when their frequency difference is small and thereby 
prevents the production of low audio frequency. It also tends to distort 
the output wave into a saw-tooth wave at output frequencies somewhat 
greater than that at which the oscillators pull into step. Interaction 
may be prevented by adequate shielding, proper location of component 
parts, use of chokes or decoupling resistors (see page 210) and by-pass 
condensers in voltage supply leads, and by correct methods of coupling 
the output of the r-f oscillators to the detector tube. Coupling methods 
include the use of buffer amplifiers between the oscillators and the detec¬ 
tor; electron-coupled oscillators; a balanced modulator circuit (see Sec. 
9-5) as in Fig. 10-81; a mixing bridge; or a multigrid mixer tube, such as 
the type 6L7, the oscillator outputs being applied to two grids that are 
shielded from each other. Of these, the first three methods are most 
frequently used. 

If the harmonics are removed from the output of one of the r-f oscil¬ 
lators of a heterodyne oscillator and detector distortion is negligible, the 
only undesired output frequencies lie above the beat-frequency range and 
are removed by the r-f filter following the detector. Frequency instabil¬ 
ity in heterodyne oscillators results from the same causes as in other types 
of oscillators, but it is likely to be greater because a small percentage 
variation in the frequency of either r-f oscillator produces a much greater 
percentage variation of output frequency. The stability of the r-f oscil¬ 
lators should be as high as possible, and the two oscillators should be as 
nearly alike as possible in order that they will respond similarly to changes 
of supply voltage and of temperature. Variation of amplitude of the 
oscillator output results from change of amplitude of the variable oscil¬ 
lator over the tuning range, from the action of improperly designed r-f 
filters in the plate circuit of the detector, and from frequency distortion 
of the a-f amplifier. The first effect can be made small by using a linear 
detector and making the amplitude of the variable-frequency input to 
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the detector much greater than that of the fixed-frequency input (weci 
Sec. 9-18). Audio-frequency attenuation by the r-f filter in the detector 
plate circuit can be avoided most readily by the use of a radio frequency 
that is several times the highest output frequency. The clioice of the 
best value of frequency of the r-f oscillators of a heterodyne oscillator is 
governed largely by frequency stability, ease of filtering of r-f voltages 
from the detector output, and desired frequency range. 

The circuit diagram of a typical commercial bcat-fre(iuency oscillator 
is shown in Fig. 10-81. 



10-63. TJltrahigh-frequency Oscillators.— The theory of xiltrahigh- 
frequency oscillators such as the Barkhausen-Kurz oscillator, the magne¬ 
tron oscillator, and the klystron, is beyond the scope of this book. The 
student is, therefore, referred to textbooks on the subject of ultrahigh 
frequency.^ 


Problems 

10-1. Analyze the action of the circuit of Fig, 10-29&. 

10-2. Using the complex method of analysis, derive Eq. (10-10) and didennine tho 
critenon for oscillation of a series-type negative-resistance oscillator. 

10-82 Cc of Fig. 10-41 may be replaced by a resistance, as in Fig. 
atinv voH resistances and supply voltages shown, find tho suppressor oper- 


EUFJ L F “imr Beaineud, J. a, KoBHMiR, G.. Reich, H. J., and Woon- 
euff, L. F., Ultra-high-frequency Techniques,” Chap. 10 D Van Noatrand 
Company, Inc., New York, 1942 . ^ ’ iNoatrand 
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h. Find the ratio of the change in suppressor voltage Mcz to a change of screen 
voltage Aec 2 , that causes it. 

c. From Fig. 10-43 derive a dynamic ic 2 -ec 2 characteristic for this circuit, and from 
it find po- 


/oo;ooojf2 

—VWW'— 



^^0 V. 

Fig. 10-82.—"Negative resistance oscillator circuit for problem 10-3. 

d. For an L/r ratio of 0.01 henry/ohm, find the largest condenser capacitance C at 
which the circuit will oscillate, and the corresponding inductance required for an 
oscillation frequency of 100 cps. 

10-4. Derive Eq. (10-18) by means of the equivalent plate circuit (see also Prob. 

4-1 j). . . ^ 

10-6. Using the equivalent plate circuit for the tuned-grid Oscillator, derive Eqs. 

(10-36) and (10-37). . , . . „ 

10 - 6 . In order for oscillation of constant amplitude to take place in the circuit of 
Fig. 10-62, the susceptance oi C 2 must be equal in magnitude and opposite in sign to 
the input susceptance of the amplifier, and the conductance of R 2 must be equal in 
magnitude and opposite in sign to the input conductance. Using Eqs, (6-107) and 
(6-108) to determine the input susceptance and conductance, derive Eqs, (10-40) and 
(10-41). 

Supplementary Bibliography 
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CHAPTER 11 

ELECTRICAL CONDUCTION IN GASES 


Preceding chapters have dealt only with electron tubes in which the 
gas density is so low that the probability of collision of electrons with ga.s 
molecules is small and relatively few ions are present. This chapter will 
treat the flow of current through regions of comparatively high gas 
density, in which the probability of ionizing collisions of electrons with 
molecules is comparatively high and many ions are consequently present 
in the gas. The construction, characteristics, and applications of prac¬ 
tical gaseous conduction tubes will be taken up in the succeeding chapter. 
The student should review Secs. 1-1 to 1-12 of Chap. 1. 

The early experiments on gas-filled tubes were performed years before 
the discovery of thermionic emission, but the development of useful gas- 
filled tubes, particularly of the grid-controlled type, lagged far behind 
that of high-vacuum tubes. It was not until careful experiments sug¬ 
gested the fundamental laws and processes governing the phenomena 
involved that great strides were made in the design, manufacture, and 
application of gaseous tubes. A knowledge of these laws is important in 
the understanding of gaseous tube operation. Since the formation of an 
arc may be preceded by a glow discharge and since the presence of 
glows in arc tubes may prevent their proper functioning, the theory of 
glow discharges is important in the study not only of glow tubes but also 
of arc tubes. For this reason, considerable space will be devoted to a 
treatment of glow discharges, even though glow tubes are now used 
relatively little in comparison with arc tubes, except for illumination. 

11-1. Current-voltage Characteristics of Glows. —A gas or vapor 
containing no ions would be a perfect insulator. No current could flow 
as the result of a potential applied between two nonemitting electrodes 
immersed in such a gas. Ion-free gases are hypothetical only, for cosmic 
rays, radioactive materials-in the walls of containers, photoelectric emis¬ 
sion, and other ionizing agents ensure the presence of some “ residual 
ions. In an actual gas the application of potential between electrodes 
will cause a migration of the residual ions and thus produce a current. 

The magnitude of the current associated with the drift of residual ions 
evidently depends upon the rate of production of ions and upon the rate 
at which ions are swept away, which in turn depends upon the ai)plied 
voltage. This current is sometimes called the dark current be^^causo it is 
not accompanied by appreciable radiation. The relation between volt¬ 
age and dark current under static conditions is shown graphically by the 
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portion oab of the typical characteristic curve of Fig. 11-1. That the 
increase of voltage over the range ab causes no increase in the current 
indicates that residual ions are being swept out of the gas by the electric 
field at the same rate as they are being created. The dark current is 
usually of the order of a microampere. 

As the voltage is increased, a value is reached, as at b, at which the 
current again begins to rise. If the electrode spacing is very small and 
the pressure sufficiently low, the current can be increased beyond b only 
by increase of voltage, and the characteristic is of the form shown by the 
dashed curve hm. With electrode spacing and pressure used in most 
glow-discharge tubes, on the other hand, a current is reached at c, called 
the threshold current^ at which the current 
begins to rise abruptly without further 
increase of voltage. The threshold current 
is still of the order of one or two microam¬ 
peres. If the external circuit resistance is 
low, the voltage of the discharge remains 
|)ractically constant, and the current jumps 
to a high value (rnilliamperes or even am¬ 
peres), corresponding to n. If the external 
circuit is such as to prevent the current from 
rising abruptly, then the voltage drops 
abruptly to some lower value, as at d. The 
value of the current at d, and the path along 
which the change takes place, appear to depend almost entirely upon the 
external circuit. Experimental difficulties, such as the occurrence of 
relaxation oscillations, have so far prevented a complete study of the 
€haracteristi(i immediately beyond the point c, but those experiments 
which have l)een performed appear to indicate that, if the terminal voltage 
could be reduced rapidly enough by increase of circuit resistance or 
deertiase of applied voltage, the current at point d would be the same as 
that at point c. 

The incipient condition obtaining at c when the current through the 
discharge increases without increase in voltage is called breakdown^ and 
the corresponding voltage of the tube is called the breakdown voltage. 
From what has been said it follows that breakdown may not take place 
the electrode spacing and pressure are small. 

The increase of current above the saturation value maintained from a 
to b is the result of ionization of gas molecules by collision with electrons 
that have been accelerated by the applied electric field. Appreciable 
ionization by collision does not take place until the voltage considerably 
exceeds the ionization potential of the gas. The voltages corresponding 
to c and d are usually many times the ionizing potential Ionization is 



Voltage 

Fia. 11-1.—Current-voltage 
characteristic of a typical gas- 
filled cold-cathode diode. 
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accompanied by excitation of some of the gas molecules, which subse¬ 
quently emit radiation as they return to a state of lower energy. It is the 
visible radiation that gave rise to the term glow discharge. 

Between d and/, the current increases with very little change in volt¬ 
age. The current range covered by this portion of the characteristic 
depends upon the area of the cathode and may extend to values of 50 ma 
or more. In order to indicate the difference in magnitude of the very 
small currents below c and the relatively large currents above d, a gap is 
shown in the curve. 

A value of current is reached, at /, beyond which a much larger 
increase of voltage is required to produce a given change in current. In 
the vicinity of g, however, the current is so high that, if it is maintained 
for an appreciable time, the cathode becomes hot enough to emit electrons. 
The thermionic emission reduces the voltage drop through the tube in a 
manner that will be explained in Sec. 11-14, causing further increase of 
current and greater emission. The cumulative action may result in an 
abrupt decrease of potential to about the ionization potential of the gas, 
at point hj and, unless limited by circuit resistance, the current may rise 
to destructive values. In the region from b to g, the discharge is charac¬ 
terized by comparatively low current density and high voltage drop and 
is called a glow discharge. Beyond /i, the discharge is characterized by 
high current density and low voltage drop and is called an arc. 

The exgct predetermination of the behavior of a particular glow-dis¬ 
charge tube is difficult, if not impossible, because a given tube does not 
have a single current-voltage characteristic, but an infinites number of 
characteristics. The shape of the characteristic depends upon gas pres¬ 
sure, electrode temperature, and age of the tube; upon the amount of 
ionization remaining from previous discharges, which in turn depends 
upon the time elapsed between discharges; upon the initial cathode 
emission, which varies with the cathode illumination; and upon the 
strength of other ionizing agents in the gas or container. A characteristics 
obtained with steady applied voltages, of which the curve of Fig. ll-l is a 
typical example, is called a static characteristic. Characteristics obtained 
with varying voltages and currents are called dynamic characteristics. 

11-2. Physical Aspects of Glow Discharge. —The appearance of the 
glow discharge is by no means that of a homogeneous column of light. 11 
is made up of a number of distinct regions. The general form of a glow^ 
discharge at gas pressures of the order of a millimeter or less of mercury ^ 

^ 1 atm = 760 mm Hg 

1 micron of Hg = 0.001 mm Hg 

1 barye = 1 dyne per square centimeter 
1 barye = 0.752 micron Hg 
1 micron of Hg “ 1.333 baryes 

1 atm “ 1,013,000 baryc^s 
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is shown in Fig. 1 l-2a. ^ In the vicinity of the cathode is a relatively dark 
region, called the ccithode dark spciccj or, in honor of two of the early 
workei'S in the field of glow discharges, the Crookes or Hittorf dark space. 
dhe brightness of the cathode dark space increases toward the cathode, 
culminating sometimes in a luminous layer very close to the cathode, 
called the cathode glow. In hydrogen and the noble gases there is a much 
darker layer immediately adjacent to the cathode, usually not more than 



Fi«. 11-2.-—(a) Ai)pearanoo of a glow diBchargo between piano parallel electrodes. 
(h) Potential distribution and field strength in a glow discharge between plane parallel 
electrodes. 

a millimeter in length, called the primary dark space. Toward the anode, 
the cathode dark space terminates quite sharply and distinctly in a 
luminous region called the negative glow. The brightness of the negative 
glo\¥ decreas(^s toward the anode, and the glow gradually merges into 
another relatively dark region, the Faraday dark space. Beyond the 
Faraday dark space is the positive column, a fairly luminous region which 
may contain striations and which extends to the anode. Sometimes the 
surface of the anode is covered by a luminous layer called the anode glow. 

If the anode is moved toward the cathode while the tube is glowing, 
the various regions of the discharge remain fixed relative to the cathode, 

J,, and Mason, E. C., Elec. Eng., 63, 511 (1934). 
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and the positive column and the Faraday dark space in turn appear to 
move into the anode. If the current is maintained constant during this 
experiment, the voltage across the tube falls slowly. As the anode enters 
the negative glow, the voltage begins to rise rapidly with further move¬ 
ment of the anode until it equals the supply voltage and the tube goes out. 
If the electrode spacing is kept constant, on the other hand, and the pres¬ 
sure is lowered, the cathode dark space increases in thickness, appearing 
to push away the negative glow, Faraday dark space, and positive column, 
which disappear into the anode in turn. As the cathode dark space 
expands, the outer boundary becomes less distinct. When the cathode 
dark space reaches the anode, the voltage rises rapidly with further change 
in pressure, until it equals the supply voltage and the tube goes out. 
At extremely low pressures, at which the dark space fills the whole inter¬ 
electrode space, the walls of the tube fluoresce. This phenomenon is 
caused by the impact upon the walls of cathode rays, or high-speed 
electrons, which have been accelerated throughout the interelectrode 
space without suffering loss of energy by collision with gas molecules. 
In most practical glow-discharge tubes, the pressure is in the range from 
0.1 to 60 microns. 

11-3. Potential Distribution in the Glow Discharge. —The strikingly 
different appearance of the various parts of the glow discharge early 
aroused curiosity as to the electrical relationships existing in the dis¬ 
charge and led to many investigations. Experiments have shown that 
the potential distribution between cathode and anode is of the form shown 
in Fig. 11-26. The greatest part of the applied potential appears acroSvS 
the cathode dark space, a region in which positive space charge predomi¬ 
nates.^ The fall in potential through the cathode dark space is called 
the cathode fall of potential, or cathode drop. 

The potential maximum in the negative glow is caused by positive-ion 
space charge, in a manner analogous to the production of a potential 
minimum by electrons near the surface of a thermionic emitter in vacuum. 
Since the field between the potential maximum in the negative glow and 
the potential minimum in the Faraday dark space is such as to oppose the 
current, the current in this region must result from diffusion caused by 
ion concentration gradients (differences in ion density, page 7). 

Measurements show that, if there are no striations, the field in the 
positive column is small and practically constant, indicating that the 
electron and positive-ion densities are approximately equal. Tlie i)oten- 
tial gradient (field) in the positive column must be great enough to supply 
the energy that is lost through diffusion of ions to the walls. The ratio of 
the diffusion current to the anode current at constant current density 

1 Positive ions move toward the cathode, electrons away. Prepondei'ance of 
\)ositive ions is accentuated by their large mass and consequent low velocity. 
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increases with decrease of tube radius, and hence the gradient is inversely 
proportional to the tube radius. This is an important consideration in 
the design of small-diameter tubes of the type used in neon signs. The 
gradient also decreases with increase of current and with decrease of 
pressure. When striations are present, corresponding variations in volt¬ 
age are observed along the positive column, the voltage peaks correspond¬ 
ing to dark striations, and the voltage troughs to bright striations. The 
potential difference between striations is equal to an excitation or ioniza¬ 
tion potential of the gas. Stroboscopic examination of seemingly con¬ 
tinuous positive columns sometimes shows them to contain striations 
that move rapidly from anode to cathode. 

Adjacent to the anode there is usually a jump in potential, which may 
be either positive or negative, depending upon whether the current is 
high or low and the electrode area small or large. At some value of 
anode current the anode drop is zero. 

11-4, Normal and Abnormal Glow. —When the glow current is 
limited to a sufficiently low value by means of external resistance, the 
glow covers only a portion of the cathode and the current is confined to 
the portion of the cathode that glows. An increase of current causes 
the discharge to spread over a greater portion of the cathode, the current 
density, cathode drop, and the thickness of the cathode dark space 
remaining constant. When the cathode is not completely covered by 
the glow, the discharge is said to be normal or ordinary; and the current 
density, cathode drop, and dark-space thickness are designated by the 
same terms. When the whole surface of the cathode is covered by glow, 
the cathode drop and the current density increase with increase of current, 
and the thickness of the cathode dark space decreases.^ The discharge 
is then said to be abnormal or extraordinary. The terms normal and 
abnormal, ordinary and extraordinary are, unfortunately, misleading, 
inasmuch as the 'hibnormar^ type of discharge is fully as common as the 
“normaV^ both in experimental and in practical tubes. To avoid 
possible ambiguity, quotation marks will be placed about these terms 
when they are used to differentiate between the two types of discharge. 
In Fig. 11-1 the ^^normaF^ range of current extends from d to /, the 
“al)normar^ range from / to g. If the cathode is capable of dissipating 
considerable heat without becoming hot enough to give thermionic 
emission, the ^'abnormaF^ range of current may be larger than the 
normal” range. 

The ^ ^normal” cathode dxmp is a function of the gas used and the 
material of which the cathode is made, and is independent of gas 

^ Tf one makers the aBsmnption that the current through the dark space is limited 
by space charge, a derivation similar to that which gives Child’s law (see Sec, 2-10) 
shows that the dark space should decrease in thickness as the current density increases, 
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pressure. It is small in the noble gases and is usually smaller in 
gas mixtures than in pure gases. It decreases with decrease of electron 
affinity of the cathode material. The ^‘normah^ cathode drop usually 
exceeds 100 volts and may be as high as 400 volts or more but by proper 
choice of gases and cathode material may be made as low as 37 volts. ^ 
The normal’^ current density (current per unit area of the cathode 
covered by glow) and the thickness of the dark space depend not 
only upon the gas and the cathode material but also upon the gas 
pressure. 

An interesting example of the difference in the current-voltage curves 
for the two types of discharge is provided by the type 874 glow tube. 

The electrodes of this tube are a small 
rod surrounded by a coaxial cylinder. 
When the rod is the cathode, the rela¬ 
tively small cathode area becomes com¬ 
pletely covered by glow at very small 
currents, and so the voltage rises with 
current over almost the entire working 
range of current. When the cylinder is 
the cathode, on the other hand, the total 
cathode area, comprising the two surfaces 
of the cylinder and the surface of the 
supports, is large, and the rise in voltage with current is comparatively 
small throughout a range of current that extends beyond the rated value. 
The two curves for this tube, and a sketch of the electrodcvs, are shown in 
Fig. 11-3. The terminal voltage of the tube includes not only the cathode 
drop but also the voltages across other portions of the discharge. The 
small rise of voltage with current when the cylinder is negative is prob¬ 
ably accounted for largely by variation of voltage drop in portions of the 
discharge other than the cathode dark space. 

11-6. Theory of Ignition. —A theory for the increase of current with 
voltage as the result of cumulative ionization (at voltages higher than 
that corresponding to point b in Fig. 11-1) was first proposed by Town¬ 
send.^ He assumed that photoelectric emission at the cathode, or some 
form of ionization of the gas, produces a small number of initial electrons 
at or adjacent to the cathode. Application of voltage to the electrodes 
accelerates these initial electrons toward the anode and the positive ions 
toward the cathode. When the applied potential exceeds the ionization 
potential of the gas, the initial electrons produce further ionization of the 

^ Slepian, and Mason, loc. cit; Thomson, J. J., and Thomson, G. P., ^‘Conduc¬ 
tion of Electricity through Gases,’' Vol. H, pp. 231-232, Cambridge University Press, 
Cambridge, 1928. 

2 Townsend, J. S., ‘‘Electricity in Gases," Clarendon Press, London, 1915. 



Pin. 11-3.—Current-voltage char¬ 
acteristics for the type 874 glow 
tube. 
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gas by collision. A derivation based upon these assumptions yields the 
following expression for the current 

I = (11-1) 

in which Na is the number of initial electrons leaving the cathode per 
second; 8 is the electronic charge; is the electron ionization coefficient, 
or numl)er of ions formed by an electron by collision per centimeter of 
advance; and d is the distance between cathode and anode. Experiment 
shows that is a function of the electric field, increasing with increase in 
field- To apply Eq. (11-1), is assumed constant, which is true if the 
field is initially uniform and remains undistorted by space charge. When 
the current is small, so that these conditions are realized, Eq. (11-1).is 
checked experimentally. It should be noted that is a definite function 
of the electric field, and the product ^nd a measure of the voltage. 

This much of the theory gives an adequate explanation for the increase 
of current with applied voltage in the range be or bm in Fig. 11-1. It does 
not account for the increase of current without increase of voltage beyond 
the point c. Each initial electron can produce only a finite number of ion 
pairs. This fact implies that the current must be finite. (The position 
of each new pair of ions resulting from a given initial electron is closer to 
the anode, and so each new electron does not produce so many new ions 
as do the initial electrons.) If the initial source of ions were removed, 
the discharge would soon cease, for all ions would eventually be formed 
so close to the anode that the resulting electrons would not move far 
enough to produce other ions. 

To explain the increase of current withoxit increase of voltage, Town¬ 
send postulated ionization by collision of jxositive ions, as well as electrons, 
with gas molecules. Since positive ions travel toward the cathode, some 
of the electrons produced by positive ions will have the same distance of 
trav(d to the anode as did the initial electrons and will behave in the same 
manner as the initial electrons. If these new electrons are equal in num- 
l)er to the initial electrons, the discharge is self-sustaining, i.e,, will con¬ 
tinue even if the source of initial ionization is removed. The advent of a 
self-sustaining discharge will be termed ignition^ and the voltage at which 
it occurs, the igiiitioii poteMiaL^ The ignition potential depends upon 
the kind and pressure of the gas and upon the electrode material and 

^ S 1 .KPIAN, J., ‘‘ Conduction of Electricity in Gases,p. 78, Westinghouse Electric 
& Manufacturing Co., Educational Dept., East Pittsburgh, 1933; Daeeow, K. K., 
Electrical Phenomena in Gases,'' p. 274, Williams & Wilkins Company, Baltimore, 
1932; Thomson and Thomson, op. cit, Vol. 11, p- 512; Cobine, J. D., “Gaseous 
Conductors," Sec. 7-2, McGraw-Hill Book Company, Inc., New York, 1941. 

This is often called the sparking potential, a term that seems confusing, since no 
spark, in the ordinary sense, need occur. Another alternative term is striking potential. 



424 


APPLICATIONS OF ELECTRON TUBES 


[Chap. 11 


geometry. It may be reduced considerably by coating the cathode with 
a barium compound. The ignition potential is not a constant for given 
gas and geometry of electrodes but depends upon the same factors, listed 
on page 418, that cause changes in shape of the static current-voltage 
characteristic. 

When cumulative ionization by both electrons and positive ions 
occurs, the current may be expressed by the relation^ 


I 


^ /3n - 


( 11 - 2 ) 


if it is assumed that the field is initially uniform and remains undistorted 
by space charge. /3p, the ionization coefiicient for positive ions (analogous 
to /3n), is the number of new ion pairs produced per centimeter advance of 
a positive ion. Experiments show that fin increases with field strength 
more rapidly than does fip. As the voltage is raised and fin increases 
relative to fip, the denominator of Eq. (11-2) decreases. As the denomi¬ 
nator approaches zero, No may also approach zero without reducing the 
current to zero. The criterion for the advent of self-sustaining discharge 
is, therefore, given by the relation 


fin = (11-3) 

and the voltage at which this relation is satisfied is the ignition voltage. 

If Eq. (11-2) continued to hold after ignition takes place, it would 
indicate that ignition would be coincidental with an increase of current to 
a value determined only by the resistance of the external ciriniit. The 
increase of current is, however, accompanied by distortion of the field by 
space charge. This necessitates the use of a more general equation 
applying to nonuniform fields. It will be shown that xinder some condi¬ 
tions the effect of space charge is to limit the current even wlien the 
external circuit has negligible resistance, whereas under other conditions 
the formation of space charge favors the increase of current. 

J. J. Thomson developed a similar theory based upon the assumption 
that the positive ions, instead of producing ionization by collision, eject 
secondary electrons from the cathode when they strike it. Thornson^a 
theory yields the following equation for the current 


I 


= NoS 




(11-4) 


^ Dakrow, op. cit , p. 280; Slepian, op. city p. 88; Cobinb, op. cM ., Soc. 7-5. 

2 Thomson and Thomson, op. city VoL II, p. 518; Slkpian, op. ciLy p. 92; Daeeow;^ 
op. city p. 282. 
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in which k is the numlier of secondary electrons ejected from the cathode 
for each ion pair formed in the gas. Because of the increase of kinetic 
energy of the positive ions with increase of applied voltage, k increases 
with applied voltage. A self-sustaining discharge obtains when the 
denominator is zero, i.e., when 


e 


^nd — 


+ 1 
k 


(11-5) 


It is interesting to note that Eq. (11-5) may be shown to be equivalent 
to the statement that, for each electron initially released from the cathode, 
the ionissation and secondary-emission processes result in the liberation of 
another electron from the cathoded. This is reasonable, since if each 
initial electron emitted from the cathode results in the emission of one 
secondary electron, the secondary electron can assume the role originally 
played by the initial electron, and the discharge will continue even if the 
initial emission from the cathode ceases. 

Townsend\s and Thomson's theories appear to be equally satisfactory, 
and it has not been possible to show experimentally that one alone is 
sufficient. The dependence of ignition voltage upon cathode material 
would appear to strengthen Thomson's theory. Since changes of gas 
and of gas mixtures, addition of metal vapors, and changes of pressure 
also have a great influence on the ignition voltage,^ it seems probable that 
both secondary emission at the cathode and ionization by collision of 
positive ions, and perhaps other processes, such as increased photoelectric 
emission resulting from the radiation emitted by the discharge, act 
simultaneously. The presence of high-frequency fields in the vicinity 
of the gas may cause wide variations in ignition voltage. On occasion 
these fields may cause a 50 per cent decrease in the ignition potential. 
It is possible that the high-frequency fields increase the kinetic energy 
of ions in the gas and hence the likelihood of ionization of other 
particles. 

11-6. Theory of Ignition. Nonuniform Fields.—Equations (11-1) 
to (11-5) are based upon the assumption that the field is initially uni¬ 
form and remains undistorted by space charge. In general the field is 
distorted by nonplanar electrodes and by space charge formed in the 
vicinity of the electrodes as the current builds up. 

Townsend’s theory for nonuniform fields leads to the following 
criterion for ignition:^ 

^ Dabeow, ihid. 

2 Penning, F. M. and Addink, C. O., Physica, 1, 1007 (1934); Kesaev, I., USSR 
Tech. Phys., 4, 1 (1937); Beljawsky, A., USSR Tech. Phys., 4, 493 (1,937). 

3 Thomson and Thomson, op . cit , Vol. 11, p. 520. Shepian, op . cit.j pp. 119-125. 
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i3„6 rfs = 1 (11-6)1 

in which the variables of integration, u and s, and the electrode spacing d 
are measured with the cathode as the origin. If the applied potential is 
reversed, so that the anode is at the origin, the condition for the advent 
of a self-maintaining discharge isi 

fd 

jg 0pe ds = I (11-7) 

Since /3p and are different and do not vary in the same manner with 
field strength, Eqs. (11-6) and (11-7) are not in general satisfied at the 
same value of applied voltage. This indicates that, when the field is 
nonuniform, the ignition voltages are different for the two polarities. A 
well-known example of this is the lower ignition voltage for a point-to- 
plane discharge when the point is negative than when the plane is nega¬ 
tive. Another interesting example is the difference in ignition potentials 
for rod gaps caused in part by the distorting influence of the ground plane 
on the field strength.^ In a discharge tube in which the two electrodes 
are of the same material but are not of the same size, the ignition potential 
is usually lower when the smaller electrode serves as the cathode. 


Thomson’s theory gives the following condition for ignition when the 
field is nonuniform: 


Ms 1+^5 

‘ k 

(11-8) 

or 

^Bnd — 1_+ 

k 

(11-9) 

where 

1 r 

^ J ^ ds 

(11-10) 


Equation (11-10) defines as the average value of /3„. A polarity cffcuA 
with nonuniform fields is also predicted by Eq. (11-8), because k depends 
upon the field strength at the cathode. Eor electrodes of unequal size, 
the field strength will usually be greater at the cathode, and k will have 
the higher value, when the cathode is the smaller electrode. The value of 
pn, and hence the applied voltage, required for ignition decreases with 
increase of k, 

_ 1 Note that u and « are merely variables of integration in the direction of the tube 
axis. 

“Bellaschi, B., Trans. Am. Inst. Elec. Eng., 62, 564 (1933); Haoknquth .1 H 
Elec. Eng., 66, 67 (1937). ’ 
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For the special case of uniform field, for which I3n and pp are constant, 
Eqs. (11-6) and (11-7) reduce to Eq. (11-3), and Eq. (11-8) reduces to 
Eq. (11-5). 

11-7* Time Required for Ignition.—Ignition is not an instantaneous 
process but requires a finite time which depends upon the applied voltage 
and the amount of original ionization.^ The time lag in ignition may be 
attributed mainly to the mass of the positive ion, which requires some 
time to move to the cathode and to accelerate to a velocity sufficient 
to produce ionization by collision. For this reason the rapidity with 
which the ionizing takes place increases, and the time taken for ignition 
decreases, with increase of applied voltage (see Fig. 11-6). 

11-8. Paschen’s Law.—The ignition potential is found experimentally 
to be a function not only of the kind of gas and cathode material but also of 
the product of gas pressure and electrode spacing. It is possible to show 
theoretically from a consideration of Eqs. (11-3) and (11-5) that this 
should be true. /3n and the number of ions formed by an electron or a 
positive ion respectively, in moving a unit distance depend upon the gas 
pressure. Increase of pressure at constant temperature decreases the 
average distance between molecules. It therefore increases the number of 
collisions made by an electron or positive ion per centimeter of advance. 
Because of the shorter average distance moved between collisions, however, 
the electron or ion acquires less energy from the field between collisions 
and is less likely to ionize a molecule that it strikes. Since and pp 
depend upon gas pressure, the exponents of Eqs. (11-3) and (11-5) vary 
with the product of pressure and electrode spacing, p X d, and the ignition 
voltage is a function of p X d The general form of the curve relating 
ignition voltage to the product of pressure and electrode spacing, first 
suggested by Paschen, is shown by the curve of Fig. ll-4a. The relation 
between the ignition potential and p X d shown by this curve is called 
Paschen's law.^ Figure 11-45 shows an experimental curve for plane 
electrodes in air.^ The increase of ignition voltage to the left of the 

1 Torok, J, J., Trans. Am. Inst. Elec . Eng ., 47, 349 (1928), 48, 239 (1930); Schade, 
R., E. tech. Physik, 17, 391 (1936); Wmsox, R. R,, Phys. Rev., 60,1082 (1936); Hagen- 
auTit, loc. cU. 

^ Pabcmbn', P., Wiedemarm AnnaUn, 37, 69 (1889). 

Paschen'a law is only one of a number of laws grouped under the name principle 
of similitude , which states that if the relative geometry of a discharge remains the 
same, although the actual dimensions are changed, the current and ignition voltage 
remain the same. (See, for instance, Subpian, op . cit ., pp. 139, 141, 146.) If, for 
example, the length of a discharge tube is doubled and the pressure decreased to one- 
half, the ignition voltage does not change; if all areas are tripled, the pressure remain¬ 
ing the same, then the current density decreases to one-third of the original value. 
The principle is a useful tool in the analysis of glow discharges. 

’ SijBPiAN and Mason, loc . cit . See also Thomson and Thomson, op . cit ., Vol. II, 
p. 489; CoBiNB, op . cit .. Sec. 7-8. 
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minima of Figs. ll-4a and 11-46 is caused by reduction with pressure and 
electrode spacing of the number of molecules between the electrodes and 
hence of the number of collisions an electron can make in moving from 
the cathode to the anode. The increase to the right of the minima is 
caused by the facts that increase of pressure decreases the spacing between 
molecules and so the distance through which an electron is accelerated 
between collisions, and that increase of electrode spacing decreases the 
field strength at a given potential Increase ofp X d therefore decreases 
the kinetic energy acquired by an electron between collisions, and hence 
the likelihood of ionization by collision. 

It can be seen from Fig. ll-4a that at any pressure there is an electrode 
spacing that will result in minimum ignition voltage. Moreover, if the 


> 




spacing, 

(b) 


Fio. 11-4—(a) General form of a curve of ignition potential as a function of the i.roduot 
of pressure and electrode spacing. (6) Experimentally determined curve of ignition ooten. 
tial as a function of the product of pressure and electrode spacing, for piano eloctro^ ill. 


electrode spacing is made very small, the ignition voltage may be very 
high. This fact may be applied in preventing discharge between two 
electrodes in a gas-filled tube. If the greatest distance between pointe 
on_ the two electrodes is considerably less than that corresponding to 
point M of the ignition potential curve, the voltage required for ignitioh 
may be very high. This is sometimes called the Hiitorf princdple or, 
because the discharge does not always take place between the closegt 
points of two electrodes if the distance between these points correspondt 
to a point to the left of the minimum of the ignition potential curve, the 
short-path principle. 

Another interesting example of the application of Paschen’s law has 
been given by Penning. Using coaxial cylindrical electrodes and an 
axial magnetic field. Penning found that the ignition potential was varied 

‘ Pennino, P. M., Physica, 3, 873 (1936). 
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by changing the strength of the magnetic field. The effect of the axial 
magnetic field is to lengthen the paths of electrons moving to the anode 
and thus to increase the effective length of the tube. In Penning’s tube 
the anode-tO"Cathode distance was made so small that the product of 
pressure by electrode spacing corresponded to a point to the left of the 
minimum of the ignition potential curve, such as A in Fig. 1 l-4a. The 
apparent tube length could be increased up to 1000 times, and the ignition 
voltage reduced to 0.01 of its original value. 

11-9. Breakdown.—As soon as appreciable current flows, formation 
of space charge in the vicinity of the cathode causes almost the entire 
applied voltage, which was initially distributed uniformly over the whole 
cathode-to-anode distance, to become concentrated in the cathode dark 
space. The field strength in the remainder of the discharge is small, and 
the values of and fip are correspondingly small outside of the dark space. 

The integration of Eqs. (11-6) and (11-8) may be done in two parts; 
over the region of the cathode dark space, and over the region between 
the dark space and the anode. Outside of the dark space the values of 
fin and fip are so small that the second part of the integration contributes 
very little to the total result. Hence, in order that a self-maintaining 
discharge shall continue after the field has become distorted by space 
charge, it is necessary and sufficient that the criterion for ignition be satis¬ 
fied throughout the cathode dark space. The result is the same as though 
the effective length of the tube were reduced from its original value to a 
much smaller value equal to the length of the cathode dark space. Under 
the assumption that the ignition potential curve of Fig. 11-4, which 
applies to a uniform field, is applicable at least in its general aspects to the 
nonuniform field in the cathode dark space, it is i)ossible to predict from 
this curve the behavior of the discharge subsequent to ignition. 

Assume first a combination of electrode spacing and constant pressure 
such that the product p X d corresponds to a point to the left of the 
minimum ignition potential, such as A in Fig. ri-4a. Iircrease of current 
and formation of the dark space subsequent to ignition would reduce the 
effective length of the discharge. For the point A, however, a reduction 
in length must be accompanied by an increase of ignition voltage. It 
follows that the current cannot increase without an increase in applied 
voltage. The theoretical behavior of tubes with a low product of pres¬ 
sure by electrode spacing is verified by experimental curves, which are of 
the form of the dashed curve hm of Fig. 11-1. Unless the cathode becomes 
hot enough to emit thermionic electrons, the discharge does not require 
ballast resistance to limit the current, and breakdown, as defined on 
page 417, does not occur. 

Analysis of the behavior of the discharge for a value of p X d to the 
right of the minimum ignition potential, say at B of Fig. ll-4a, must 
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account for the fact that, when the current is kept small by means of 
external resistance, only a portion of the cathode surface may be covered 
by glow; i.e., the discharge may be “normal.” Suppose, first, that when 
ignition takes place the discharge is uniformly distributed over the 
cathode and that the resulting current density following ignition gives a 
cathode dark space which reduces the effective length of the discharge to 
a value corresponding to point (7. If, for any reason, the discharge 
shrinks, so as to cover only part of the cathode, and if the current does 
not decrease, the current density must increase. It is predicted theo¬ 
retically and verified experimentally that increase of current density is 
accompanied by reduction in length of the dark space. ^ Ihit for point C, 
reduction of effective length of the discharge lowers the voltage necessary 
to maintain the discharge. Thus reduction of the area covered by 
discharge is accompanied by reduction of the terminal voltage, if 
the current does not fall. If the battery voltage is assumed to remain 
constant, the voltage across the resistance must rise. This can take 
place only if the current rises, increasing the current density still further. 
The initial shrinking may be caused by slight difi‘erences of field over the 
surface of the cathode, and the action immediately becomes cumulative. 
As soon as ignition occurs, the discharge area shrinks, and the effective 
length decreases until the voltage becomes equal to the minimum ignition 
potential corresponding to point M of Fig. ll-4a, beyond which further 
shrinking would be accompanied by idse of voltage. The shrinking takes 
place very rapidly and is accompanied by an increase of current to a value 
determined by the external circuit, and by decrease of voltage across the 
tube. The abrupt increase of current and decrease of tube voltage have 
already been defined as breakdown. 

If the discharge after breakdown is “normal,” an increase of current 
resulting from a change of battery voltage or circuit resistance might be 
accompanied either by increase of current density at constant area of dis¬ 
charge or by increase of area at constant current density. The former 
would involve decrease in length of cathode dark space, and hence 
increase of voltage; the latter does not. Hence in the “normal” current 
range the portion of the cathode covered by the discharge increases, the 
voltage remaining practically constant. This is the portion df of the 
current-voltage curve of Fig. 11-1. Any slight variation in the observed 
voltage may be attributed largely to changes in potential drop in the 
positive column, negative glow, and Faraday dark space. These poten¬ 
tial drops were neglected in the analysis by confining the integration of 
Eq. (11-6) or Eq. (11-8) to the dark space, the contribution of the remain¬ 
der of the discharge to the integral being considered negligible. Small 


^ Slepiax, op . ciL , p. 139; Thomson and Thomson, op . ciL , Vol. 11, p. 423. 
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changes in voltage may also result from minor variations of cathode drop 
caused by irregularities over the cathode surface. 

If the current is allowed to become so large that the cathode is com¬ 
pletely covered, further increase of current must be accompanied by 
increased current density, decreased length of dark space, and increased 
voltage, as shown by the abnormal” range fg of the current-voltage 
curve of Fig. 11-1. On the ignition voltage curve this corresponds to 
points to the left of the minimum. 

If the external resistance is low, the current will, of course, jump to 
abnormal” values as soon as ignition and breakdown take place. As 
previously explained, if the external resistance is negligible the current 
will rise to the value n in Fig. 11-1, corresponding to point D in Fig. ll-4a. 
In practical tubes this current is usually so high that, if it is maintained, 
the cathode becomes hot enough to emit electrons, and the discharge 
changes abruptly into an arc. 

11-10. Distinction between Ignition and Breakdown Voltage.—It is 

necessary in general to distinguish between ignition and breakdown. 
With plane electrodes and values oi p X d corresponding to points to 
the left of the minimum of the ignition potential curve of Fig. ll-4a, 
ignition is not accompanied or followed by breakdown, even when the 
voltage is raised to very high values; for values oip X d corresponding to 
points to the right of the minimum, on the other hand, ignition is accom¬ 
panied by breakdown. In certain types of discharge, notably between 
needle points, the change in field distribution with current is such that 
with small currents the effective length of discharge first increases and 
then decreases with increase of current. Initially the field strength is 
very high in the immediate vicinity of the electrode points and the 
criterion for ignition must be satisfied only in a small volume adjacent to 
the cathode point. At very small currents, space charge weakens the 
field at the cathode and increases the distance from the cathode through¬ 
out which the criterion for ignition must be satisfied. The effective 
length therefore increases with current. At atmospheric pressure the 
product of pressure and electrode spacing corresponds to a point to the 
right of the minimum of the ignition potential curve and increase of 
effective length with current raises the voltage required to maintain the 
discharge. For a limited range of current, therefore, the voltage neces¬ 
sary to maintain discharge between needle points at atmospheric pressure 
rises with current and the discharge is stable, being observed as corona. 
At somewhat higher current, however, the space charge increases the 
potential gradient near the cathode and thus again decreases the distance 
throughout which the criterion for ignition must be satisfied. The 
voltage required to maintain the discharge then decreases with increase of 
current and breakdown immediately occurs. The current-voltage 
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curve is of the form shown in Fig. 11-5. The breakdown voltage for 
needle points is thus higher than the ignition potential. A similar phe¬ 
nomenon is observed at high pressure when a wire of small diameter is 
used as the cathode, as in high-voltage power transmission. 

Breakdown is not an instantaneous process, the total time required 
for breakdown being the sum of that required for ignition and that for 
the current to rise to its final value after ignition. Breakdown time, like 
ignition time, varies with applied voltage. Figure 11-6 shows the varia¬ 
tion of breakdown time with crest alternating voltage of a 10-in. rod 
gap in air at atmospheric pressure.^ 



Fig. 11-5.—Current-voltage curve for dis¬ 
charge between needle points. 



Fig. ll-().—Variation of breakdown 
time with crest alternating voltage; lO-in. 
I'od gap in air at utniosplieric preHsure, 


11-11. Application of the Current-voltage Diagram.—I'he manner in 
which the current and voltage of a glow tube vary with supply voltage 
and circuit resistance under static conditions can be determined from the 
static current-voltage characteristic by the use of a resistance line similar 
to those used in high-vacuum-tube studies. The slope of the resistance 
line is the reciprocal of the external resistance, and the line passes through 
the voltage axis at a point corresponding to the battery voltage. The 
intersection of the load line with the static characteristic determines the 
current and the tube voltage. If a series of battery voltages is (iscd, such 
as A, B, . . . J, corresponding points 1, 2, . . . 10 are d(d.crmiiuid, srs 
shown in Fig. ll-7a. From 1 to 4 the current is in the dark-current range 
and is usually less than a microampere. (For clarity, tiie dark eurrtmt 
is exaggerated in Fig. 11-7.) At 4, ignition and breakdown occur, the 
current immediately jumping to 4', which would ordinarily correspond 
to several milliamperes or more. As the battery voltage is decreased 
from F to J, the characteristic is followed from 6 to 10. At 10 a further 
decrease in current requires an increase of voltage, while the voltage, is 
actually reduced under the conditions of the experiment. The current 

- ^ Hagengxjth, loc , cit 
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therefore falls abruptly to the value 10' in the dark range. The cor¬ 
responding curve of current vs. battery voltage is shown in Fig. 11-76. 
A similar analysis may be made when the applied voltage is maintained 
constant at a value exceeding the ignition potential and the resistance 
is varied. It is apparent that a glow tube and high resistance form a 



Fig. 11-7.—(a) Current-voltage diagram of a glow tube; (5) corresponding curve of current 

vs. battery voltage. 

trigger circuit similar to the high-vacuuin-tube circuits discussed in 
Chap. 10. 

The voltage corresponding to point 10, at which the current falls to 
a low value and the tube ^'extinguishes/' is called the extinction potential 
or breakoff voltage. 

11-12. Dynamic Current-voltage Characteristics.—The dynamic cur¬ 
rent-voltage characteristics of a glow-discharge tube may be studied by 


90S cathode - 
ray tube 



Fig. 11-8.—Circuit for tlic dotonnination of dynamic current-voltage cbaraoteristics of 

glow tubew. 

causing the current through the tube to vai-y in a predetermined way 
and observing the current and voltage by means of a cathode-ray oscillo¬ 
graphs The wave form of the current is controlled by means of a high- 
vacuum pentode, to the grid of which is applied a voltage wave of the 
desired form and frequency, as shown in Fig. 11-8. If the voltage across 

1 Reich, H. J., and Depp, W. A., Phys. Rev., 62, 245 (1937) (abstr.); J. Applied 
Physics, 9, 421 (1938). 
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the discharge tube is applied to one pair of deflecting plates of the oscillo¬ 
graph (see Sec. 15-17) and the voltage across a resistance in series with 


f^6o^ A r f=eO'^ f\ 



Time Time 


Fig. 11-9.—Dynamic current-voltage cliai-acteristics of type 874 glow tube for seven 
frequencies and two current wave forms. Light lines show rapid variation, heavy line® 
slow variation, of current with time. Bottom figures show current wave form. 

the tube to the other pair, the current-voltage curve is observed on th© 
screen of the cathode-ray tube. . 
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Figure 11-9 shows a series of dynamic characteristics for an old-type 
(argon-filled) 874 tube, obtained with the rod as cathode (see Fig. 11-3) 
and the current in the ‘^abnormaP’ range. The manner in which the 
current is varied is shown by the bottom oscillogram in each column. 
The static characteristic is indicated by the dashed curve. Similar char¬ 
acteristics are obtained with other types of glow tubes. 

Space does not allow a complete analysis of these curves, but the 
following facts and their probable explanations are of interest: 

1. When the current rises abruptly, the ignition potential is consider¬ 
ably higher than the static ignition potential. This results from the 
time required for ignition to take place. The voltage across the tube 
increases so rapidly that it exceeds the static ignition potential before 
sufficient ionization can build up to result in a self-sustaining discharge. 
Another way of stating this is to say that the voltage required to cause 
the current to build up at the rate determined by the control tube exceeds 
the static ignition potential. 

2. The ignition potential falls with increase of frequency of the current 
wave and with increase of amplitude, the fraction of the cycle during 
which the current rises being maintained constant. (Dependence of 
ignition potential upon current amplitude is shown by a set of character¬ 
istics not included in Fig. 11-9.) If the current, and frequency are made 
sufficiently high, the ignition voltage may be lower than the static 
extinction voltage. The reduction of ignition potential is undoxibtedly 
explained by the presence of ions that have not had adequate time to 
recombine or to leave the interelectrode space. If the current is high 
and little time intervenes between removal and reapplication of voljage, 
the ion density may be high enough to allow the formation of a self- 
sustaining discharge at voltages considerably lower than the stat\p igni¬ 
tion voltage. 

3. When the current is decreased abruptly, it does not follow the 
static characteristic but, instead, a slightly curved path to the origin. 
This is explained if it is assumed that the time required for deionization 
greatly exceeds the time taken for the current to fall to zero. The 
increase in tube resistance accompanying deionization is evidenced by 
the decrease in slope of the characteristic as the current falls. 

4. When the current rises abruptly or, in any case, when the fre¬ 
quency is high, the portion of the characteristic corresponding to increas¬ 
ing current lies to the right of the static characteristic. This is probably 
caused by the time taken for the ionization to build up beyond the value 
requisite to ignition. While the current is increasing, the value corre¬ 
sponding to a given voltage is lower than the current that would be 
obtained after the current had risen to the equilibrium (static) value for 
that voltage. 
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5. The characteristics obtained with gradually increasing current 
appear to indicate that, if the current could be held constant after ignition 
at the value prevailing at the time of ignition (the threshold value), 
the voltage would fall abruptly to a value not greatly in excess of the 
static extinction potential. 

Many other interesting dynamic characteristics may l)c obtained 
by the use of other types of current waves. Figure 11-10 shows char¬ 
acteristics, for instance, that are obtained when the current is not reduced 
to zero. 
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Fig. 11-10.—Three dynamic current-voltage characteristics obtained when tlie glow-tub© 
current is not reduced to zero. 


11-13. Grid Control of Glow Discharge.—^The voltage at which 
breakdown occurs can be controlled by means of a grid placed betwt^en 
the cathode and the anode, as illustrated in principle by the sketch ol 
Fig. 11-11. This tube is assumed to be of such construc.tion that the 
entire cathode surface is shielded from the anode by tlio grid before 
breakdown. The grid is so close to the anode (about 1 mm) that the 
grid-anode ignition potential greatly exceeds the grid-cathode ignition 
potential, and the grid-anode discharge, if it docs form, is of the st abler 
type corresponding to the dotted curve hm of Fig. 11-1. 

In the use of a grid-controlled glow-discharge tube the anode supply 
voltage Eii exceeds the cathode-anode ignition i)otcntial. If the grill 
voltage Be is zero, no discharge can take place between giid and cat-lushr. 
The anode is positive with respect to the grid by the entire supply voltage 
Ehi, but breakdown between anode and grid is prevented by tlieir close 
spacing. Breakdown does not occur between anode and cathode becausti 
the field of the anode terminates on the grid, rather than on the cathod(‘. 
If the grid voltage Eo is gradually raised, ignition and l)r(>akdown occur 
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between grid and cathode when the grid voltage equals the grid-cathode 
ignition potential. If the anode is sufl5ciently more positive than the 
grid, the discharge at once transfers to the anode. The anode voltage 
at which the transfer occurs decreases with increase of grid-cathode cur¬ 
rent. Resistance in the cathode lead limits the grid and anode currents 
to their rated values. 

After breakdown the grid has no further control over the discharge. 
If the grid is made negative with respect to the region of the discharge 
in which it is situated, positive ions are drawn toward the grid wires, 
and electrons are repelled from them. In the immediate vicinity of the 
grid wires, therefore, positive-ion space charge predominates. The 
resulting positive-ion sheathj illustrated in Fig. 11-12, builds up to such a 
thickness that at its outer boundary the negative field caused by the 



Fig, 11,-11.—Diagram ilhistrating tlie 
principle of tho grid-controlled glow-dis¬ 
charge tube. 


Cotihode Anode 



Fig. 11-12.—Sketch, depicting the forma¬ 
tion. of 'a positive-ion sheath around a 
negative grid in an ionized gas. 


voltage applied to the grid is just balanced by the positive field from 
the sheath.’- Beyond the boundary of the sheath, in the main part of the 
discharge, the discharge is completely shielded from the grid by the 
sheath, so that electroms and positive ions are not influenced by the grid. 
If the grid is positive with respect to the discharge in its vicinity, elec¬ 
trons are drawn toward the grid, and positive ions are repelled from it. 
An electron sheath of sufficient thickness to shield the main body of the 
discharge from the positive grid is thus formed. Although the thickness 
of the sheath is constant at a given grid voltage, the ions or electrons 
within the sheath are constantly drifting toward the grid and being 
replaced by others that enter across the boundary. As the result of the 
movement of chai-ges to the grid, a grid current flows in the grid circuit. 

If the spacing between the grid wires can be made sufficiently small 
so that the sheaths surrounding adjacent wires overlap, the anode will 
be completely shielded from the cathode, by the sheath, and the dis- 

UjAngmuie I., Science, 68, 290 (1923); Langmuir, I., and Mott-Smith. H. M., 
Gen. Elec. Rev., 27, 449, 538, 616, 762, 810 (1924); Tonks, L., Mott-Smith, 
H. M., Jr., andLANOMUiB, I., Phys. Rev., 28, 104, 727 (1926); Tonks, L., and Lano- 
MuiE, L, Phyf>. Rev., 34 , 876 (1929) ; Langmuir, L, Phys. Rev., 83 , 964 (1928). 
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charge will stop.^ Unfortunately, however, the thickness of the sheath, 
like that of the cathode dark space, decreases with increase of current 
density of the discharge. At values of anode current density that are 
high enough to be of practical value, the sheath thickness is usually too 
small to make complete grid control possible. The only external effect 
of variation of grid voltage after the tube has broken down is change in 
the grid current. Because electrons are more readily accelerated than the 
more massive positive ions, the electron grid current that flows when 
the grid is positive is considerably greater than the positive-ion grid 
current that flows when the grid is negative. 

The grid also prevents the tube from breaking down if it is uncon¬ 
nected, or “floats.’^ If electrons and positive ions are in temperature 
equilibrium, the electrons have a much higher average velocity than the 
more massive positive ions. When an insulated electrode is immersed in 
an ionized gas, many more electrons than positive ions will therefore 
strike it per second. The positive ions recombine with electrons at the 
surface, but the excess electrons, which cannot leak off the insulated 
electrode, charge it negatively. If no electrons or positive ions were 
present, or if the electrode were struck by equal numbers of electrons 
and positive ions, it would assume a potential equal to the space potential 
at that point, which is intermediate between the potential of the cathode 
and the anode. The negative charge acquired by the electrode lowers its 
voltage relative to the space until the negative field which it produces 
attracts additional positive ions and repels electrons in such numbers 
that as many positive ions as electrons strike the electrode per second. 
If the grid of the tube of Fig. 11-11 is left unconnected, it assumes a 
potential that may be only slightly positive with respect to the cathode. 
The small dark current, which must flow between anode and cathode 
before ignition can occur, results in sufficient ionization to charge the grid 
in this manner and thus prevent ignition and breakdown. When this 
charge is allowed to leak off the grid so rapidly that the resulting 
grid current is at least equal to the threshold grid-cathode curremt, grid- 
to-cathode ignition and breakdown take place, and the current may 
transfer to the anode if the anode voltage is somewhat higher than the 
grid voltage after breakdown. 

Since a grid-controlled glow-discharge tube has some of the char¬ 
acteristics of the high-vacuum trigger circuits discussed in Chap. 10, it 
is classified as a trigger tube, 

11 - 14 . Arc Discharges.—So far in this chapter the discussion has 
related to glow discharges, which are characterized by comparatively 
small currents and by voltages considerably greater than the ionization 
potentials of the gases. The high voltage drop in the glow discharge is 

1 LtiBCKE, E., Z. tech. Physik, 8, 445 (1927). 
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accounted for mainly by the fall in potential across the cathode dark 
space. According to Thomson’s theory, the high cathode drop is neces¬ 
sary to maintain the current flow, for in this region the positive ions are 
given the requisite energy to eject electrons from the cathode by bom¬ 
bardment. The increase of cathode drop with current in the '^abnor¬ 
mal ” range of current may be explained by the greater energy required to 
eject the additional electrons involved in the increase of current. 

That this explanation of the cathode drop in potential is valid appears 
to be proved by the use of a cathode which can be heated to a temperature 
high enough to cause thermionic emission. It is found that, when the 
cathode is heated, the voltage drop across the discharge falls. If the 
thermionic emission is sufficient to supply all the electrons required for 
the current, the potential across the tube drops to a value that is usually 
approximately equal to the ionization potential of the gas or vapor, 
because of cumulative ionization (see Sec. 1-5) it may be as low as the 
first excitation potential. 

Discharges in which current density is high and the voltage drop is 
of the order of the ionization potential are commonly called arcs. Dis¬ 
tinction between glows and arcs on the basis of voltage drop and current 
density is not a fundamental one. The essential distinction lies in the 
copious emission of electrons at the cathode of an arc by some process 
other than positive-ion bombardment. Possible emission processes 
include thermionic emission or emission resulting from the intense electric 
field caused by positive-ion space charge at the cathode. Glow currents 
are normally limited to low densities because of heating of the cathode and 
subsequent change to an arc when the density is high. High-current- 
density glows may be maintained for time intervals that are too short to 
allow the cathode to heat to the temperature required for emission (as 
in the discharge of a large condenser through a glow tube). Likewise, 
low-current-density arcs may be maintained if the cathode is heated by 
external means. 

The transformation of a glow into an arc does not afford a satisfactory 
metliod of forming an arc in cold-cathode tubes with ordinary solid 
metallic cathodes because the resulting high temperature required to 
give tlie necessary emission will usually destroy the cathode. By the 
use of a special cathode made in the form of a cup containing a cesium 
compound, enough emission can be obtained -at low cathode temperature 
to allow an arc to be maintained without damage to the cathode (see 
Sec. 12-61).^ Although the peak current that can be handled by such 
a cathode may be of the order of several hundred amperes, the average 
current is usually a fraction of an ampere. More commonly used is the 
mercury pool type of cold-cathode arc, in which electron emission from 

1 Gekmeshaxtsen, K. J., and Edgebton, H. E., Elec. Eng.^ 66, 790 (1936). 
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the cathode is probably obtained because of high positive-ion space- 
charge field at the surface of the mercury cathode. The arc may be 
started by making and breaking contact between the anode and the 
mercury cathode, or between an auxiliary anode and the cathode, or by 
other means. After the tube fires, discharge takes place between th e anode 
and a luminous area on the mercury surface, called the cathode spot) 
which furnishes electrons for the discharge. The area of the cathode 
spot is very small, and the current density at the spot is of the order of 
1000 to 5000 amp/cm^.* Positive-ion bombardment depresses the sur¬ 
face of the mercury in the vicinity of the cathode spot. The tendency 
of the spot to climb the sides of the depression, and consequent displace¬ 
ment of the depression, causes the spot to skim over the surface unless 
means are provided to fix its position. ^ Very large currents can be car¬ 
ried by mercury pool tubes. A third type of practical arc-discharge 
tube is that in which copious electron emission is obtained by the use 
of a cathode of high emission efficiency, heated by a separate electrical 
source. 

11-16. Arcs with Separately Heated Cathodes.—Usually practically 
the entire voltage impressed between the electrodes of an arc is accounted 
for by the cathode drop, which is approximately equal to the ioniasation 
potential. In arcs with separately heated cathodes, cumulative ioniza¬ 
tion may result, so that the cathode drop need only be equal to the first 
excitation potential. Furthermore, the formation of space charge in 
regions other than the cathode dark space may result in fields that are in 
opposition to the applied field, a large concentration gradient carrying 
the electrons to the anode by diffusion against the opposing field. When 
this is so and the electrode spacing is small, the applied voltage may be 
less than the ionization potential and the cathode fall still be equal to 
the ionization potential.^ (A similar action may be observed in glow 
discharges. Figure 11-2 shows that the voltage across the negative 
glow opposes the cathode drop. If the electrode spacing were only 
half as great, the voltage across the tube could be less than the 
cathode drop.) Arcs have been maintained with an applied voltage of 
only 0.5 volt in sodium vapor, 1.7 volts in mercury vapor, and 3.5 
volts in helium. In practical tubes, however, the voltage does not 
ordinarily fall below the first ionization potential. It varies some¬ 
what with current and with gas pressure or vapor temperature. 

* There appears to be evidence that, when the current is large, it may divide 
among a large number of spots, each of which carries from 5 to 15 amp. See H. W. 
Lord, Electronics^ May, 1936, p. 11. 

1 Wagner, C. F., and Ludwig, L. R., Elec. Eng.) 63, 1384 (1934). 

2 Compton, K. T., and Eckart, C., Phys. Rev.) 26, 139 (1925); Barrow, op. dU 
p. 384. 
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The low cathode drop that distinguishes an arc from a glow is main¬ 
tained only as long as an emission current equal to the anode current is 
obtained without the need of a higher drop. When the arc current in a 
tube with a separately heated cathode exceeds the thermionic emission 
current from the cathode, a positive-ion space charge develops near the 
cathode that raises the cathode drop suffi.ciently to supply the required 
additional electrons by positive-ion bombardment. Although the 
secondary emission from the cathode or the increased thermionic emission 
resulting from the rise in cathode temperature may not be harmful to the 
cathode, oxide-coated cathodes disintegrate under positive-ion bombard¬ 
ment when the ion velocity exceeds a critical value. Under severe con¬ 
ditions the coating may be completely removed from the core. The 
value of the cathode drop above which the positive-ion velocity becomes 
so high as to deactivate or destroy coated cathodes is called the 
disintegration voltage. For the inert gases and mercury vapor the dis¬ 
integration voltage lies between 20 and 25 volts. ^ The ionization poten¬ 
tials of some of the noble gases and of mercury vapor are sufficiently lower 
than the disintegration voltage to make it possible to design hot-cathode 
arc-discharge tubes in which the cathode does not disintegrate if the 
average anode current is kept below the value corresponding to the 
electron emission from the cathode. Such tubes will pass currents con¬ 
siderably in excess of the static emission current for periods of time 
that are too short to allow much rise in temperature of the cathode. 

In arc tubes the anode voltage is usually nearly independent of 
anode current in the normal operating range of current. For this reason 
the current is determined practically entirely by the applied voltage 
and the circuit parameters. The supply voltage and circuit parameters of 
hot-cathode arc tubes must always be chosen so that the average anode 
current does not exceed the emission current. 

11-16. Grid Control of Arcs.—The most commonly used method of 
controlling the firing of hot-cathode arc tubes is by means of a grid. The 
grid acts primarily as a shield between the anode and the cathode, pre¬ 
venting electrons emitted by the cathode from moving into the acceler¬ 
ating field between the grid and the anode. Inasmuch as only a few 
electrons in the grid-anode space are enough to start the discharge, the 
effectiveness of the grid depends upon how completely the grid shields the 
cathode. Hence, the largest hole in the grid structure is the determining 
factor, rather than the average mesh as in high-vacuum tubes. By 
proper design of electrode shape and spacing, the grid may be made to 
shield the cathode so completely that a positive grid voltage is required 
to start the arc. It is sometimes convenient to indicate the effectiveness 

1 Hull, A. W., Trans, Am. Inst Elec. Eng., 47 , 753 (1928); Gen. Elec, to., 32 , 
213 (1929). 
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of the grid of a negative-grid tube by means of the grid-control ratio, 
which is defined as the ratio of the anode voltage to the negative grid 
voltage that will just prevent firing. Because the grid-control ratio is not 
constant, it is usually necessary to use, instead, a curve of critical grid 
voltage vs. anode voltage. Such a curve is called a grid-control character¬ 
istic. Grid-control characteristics for typical tubes will be shoAvn in 
Chap. 12 (see Figs. 12-25, 12-27, 12-29, and 12-31). 

The critical grid voltage depends not only upon the electrode struc¬ 
ture and the anode voltage, but also upon the pressure, which, in mercury 
vapor tubes, is a function of the temperature of the condensed mercury. 
The vapor pressure not only affects the critical grid voltage directly, but 
at high temperature the grid-anode ignition potential may be so low that 
a glow may form between the grid and the anode at relatively low anode 
voltage, and the grid thus lose control. At low temperature, on the other 
hand, the vapor density may be too low to make possible sufficient ioni 2 ia- 
tion for the neutralization of negative space charge near the cathode. 
The voltage therefore cannot fall to the low value that is characteristic 
of an arc, and the current is limited by space charge. 

Grid control can also be used in mercury pool tubes provided with an 
auxiliary anode, called the keep-alive electrode. An auxiliary arc between 
the keep-alive electrode and the cathode, maintained by direct voltage, 
provides a cathode spot that supplies the electrons necessary for break¬ 
down to the main anode. The disadvantage of a keep-alive electrode 
is that the continuous source of ions reduces the peak negative voltage 
that can be applied to the anode without danger of breakdown and forma¬ 
tion of an arc. 

Experiments have shown that the time required for complete break¬ 
down of grid-controlled arc tubes is of the order of a few microseconds.^ 
No study appears to have been made of the mechanism of l)reakd()wn* 
The following is a possible theory: Electrons that pass beyond the grid 
are accelerated by the field between the grid and the plate and cause 
ionization in the grid-anode region, the resulting positive ions being 
drawn to the grid. Because the positive ions are greater in number than 
the initial electrons that pass through the grid, a positive-ion sheath 
is formed adjacent to the grid. As the grid is made less negative, or 
more positive, more initial electrons enter the grid-anode si)ace, and the 
ionization increases. The resulting increase (tf charge density in the 
sheath strengthens the field in the vicinity of the grid. At some critical 
grid voltage the field strength becomes great enough to cause glow igni¬ 
tion. This is immediately followed by arc breakdown to tlie cathode. 

1 Nottingham, W. B., J. Franklin Inst., 211, 271 (1931); Hull, A. W., and 
Snoddy, L. B., Phys. Rev., 37, 1691 (1931) (abstr,); Snoddy, L. B., Physics^ 4, 366 
(1933). 
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In negative-grid tubes another possible factor in the breakdown process 
is the shielding of the grid by positive-ion space charge, which causes the 
grid to become ineffective in holding back electrons from the cathode. 
Transfer of the discharge from the grid to the cathode is probably caused 
by the high voltage drop through the dark space that forms at the grid 
when glow ignition occurs, the number of electrons from the cathode 
that pass beyond the grid being insufficient to neutralize the positive-ion 
space charge. In positive-grid tubes the transfer is favored by the greater 
voltage that exists between the cathode and the anode than between the 
grid and the anode. In some tubes the critical grid voltage at low anode 
voltage may be so positive that the 
initial breakdown is between grid and 
cathode. In order that the discharge 
may transfer to the anode the grid 
current must then exceed a minimum 
value which decreases with increase of 
anode voltage. 

11-17. Completeness of Grid 
Control.—It is usually stated that the 
formation of an ion sheath about the 
grid causes the grid to lose control of 
an arc discharge when the arc starts. 

If the positive-ion sheath can be 
made so thick, however, that it ex¬ 
tends completely across the openings 
in the grid, the arc may be stopped. Since the sheath thickness decreases 
with increase of anode current (ion density), complete grid control 
can be achieved only at small currents, or by the use of very small open¬ 
ings in the grid.^ In the type 884 argon-filled tube, small anode currents 
can be interrupted at low anode voltage by a negative grid voltage of 
about the same magnitude as the anode voltage.^ A typical curve of 
anode current vs. negative-grid voltage for this tube is shown in Fig. 
11-13. 

Up to the present time the construction of arc tubes in which the grid 
can interrupt or maintain complete control of large anode currents has 
not proceeded beyond the experimental stage. KobeP was able to stop a 
100-amp arc by making the grid several hundred volts negative relative 

iLtiBCKE, E., loc. dt; Lb Van, J. D., and Weeks, P. T,, Proc, LR,E,, 24, 180 
(1936); Boxtmbestbk, II., and DrUyvesteyn, M. K., Philips Tech. Rei., 1, 367 
(1936); Electronics, May, 1937, p. 66 (abstr.). 

2 Reich, IL J., Elec. Eng., 66, 1314 (1936); Lion, K. S., Helvetica phys. Acta, 12, 
50 (1939). 

®Kobel^ a., Schwdz. eUMroteoh, Vereln Bull. 24, 41 (1933), 



Fig. 11-13.—Transfer characteristic 
for typo 884 arc-discharge tube, showing 
the coinploto control of anode current 
by the grid. 
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to the cathode. The experiments of Ltidi^ in stopping arcs show that 
the maximum diameter of the holes in the grid should be less than 2 mm 
for extinction control. These tests also show that the magnitude of the 
negative grid voltage required to stop the arc increases with increase of 
pressure and with increase in diameter of the holes in the grid. The grid 
was able to stop arcs in 10“*^ sec, indicating that deionization was very 
rapid. A combination of magnetic field and high negative-grid voltage 
has also been used to stop the anode current.*^ 

11-18. External Grid Control.—An electrode on the outside of the 
tube, in contact with the glass, can induce a charge on the inner surface 
of the wall or change the charge that collects from the ionized gas. If the 
electrode structure is such that negative charge on the walls of the enve¬ 
lope can prevent emitted electrons from leaving the cathode, then such 
an external grid can be used to control firing of a hot-cathode arc.^ 
Because charge induced on the inside of the glass wall rapidly becomes 
neutralized by charge of opposite sign from the ionized gas, the external 
grid voltage is effective only for short time intervals, and the external 
grid is of principal value in a-c operation. 

An external electrode may also be used to initiate breakdown of a 
mercury pool tube containing a small amount of inert gas. The sudden 
application of high voltage to the external electrode causes the formation 
of a glow, with subsequent transition into an arc between the anode and 
the cathode. The objection to this type of control lies in the lowering of 
the glow ignition voltage by the use of gas. 

11-19. Control by Magnetic Field,—Another type of control of 
breakdown of hot-cathode arcs is by means of magnetic fields.^ The 
electrode structure of certain types of arc-discharge tubes provided with 
grids is such (see Figs. 12-24, 12-26, and 12-28), that a field at right angles 
to the tube axis deflects the electrons in a manner to cause them to strike 
the grid rather than to enter the grid-anode region. A field parallel to the 
axis, on the other hand, tends to focus the electrons into a beam directed 
at the anode (see Sec. 1-21) and thus increases the number entering the 
grid-anode region. Strong radio-frequency fields, especially at very high 
frequencies, also affect the firing of grid-controlled arcs.^ 

^ Ltim, F., Helvetica phys. Acta, 9, 655 (1936). 

2 Risen, R., Schweiz, elektrotech. Verein Bull., 26 , 507 (1935). 

^ Craig, Palmer, H., Eletronics, March, 1933, p. 70; Watanarxg, Y., and Takano, 
T., /. Imt. Elec. Eng. Japan, 64 , 131 (1934); Craig, P. H., and Sanford, P, E., EUc. 
Eng., 64 , 166 (1935). 

^Savagnone, R., Elettrotecnica, 19 , 689 (1932); Reich, H. J., Rev. ScL Instru- 
m.enU, 3 , 580 (1932), Electronics, February, 1933, p. 48; Watanabi^!, Y., and Takano, 
T., J. Inst. Elec. Eng. Japan, 63 , 62 (1933); Kano, I., and Takahashi, R., J. Imt. 
Elec. Eng. Japan, 36 , 83 (1933); McArthur, E. D., Electronics, January, 1935, p. 12; 
Penning, loc. ciL; Jurriaanse, T., Physica, 4, 23 (1937). 

® Reich, loc. cit. 



Sec. 11-21] 


ELECTRICAL CONDUCTION IN GASES 


445 


11-20. Igniter Control.—A fourth method of controlling the firing of 
a mercury arc is by means of an igniter. This method is used exclusively 
with mercury pool tubes. The igniter is a high-resistance refractory rod 
which dips into the mercury pool, as shown in Figs. 11-14, 12-92 and 
12-93. If the potential applied to the rod is such that the gradient along 
the rod exceeds a critical value of about 100 volts per centimeter, an arc 
forms between the rod and the mercury pool,^ This arc constitutes a 
source of electrons for the anode-cathode system, and the main arc then 


strikes between anode and cathode, 
that the main arc strikes within a 
few microseconds of the igniter arc.^ 
The igniter rod is made of a 
crystalline material that is not wet 
by mercury, such as silicon carbide. 
Consequently, contact with the mer¬ 
cury is made at a large number of 
small points. The small area of these 
points, together with the relatively 
high resistance of the rod material, 
results in such a high potential 
gradient at the points of contact that 
either electrons are drawn from the 
mercury or thermal explosion occurs, 
resulting in the formation of tiny arcs. 
The action is similar to the forma¬ 
tion of an arc between separating 
minute arcs rapidly rise. If the 


It has been found by experiment 



Fia. 11-14.—Construction of typical 
glass ignitron. {Courtesy Westinghouse 
Electric cfc Manufacturing Co,) 


contacts. The currents in these 
resistivity of the rod is not too 


great, the resulting electron emission from the cathode spots becomes 
adequate to allow the formation of the main arc between the mercury 
and the anode. Igniter-controlled tubes will be discussed further in 
Chap. 12. 

In practice the igniter arc may be formed by dischai’ging a condenser 
through the igniter and by other methods w^hich will be discussed in 


Chap. 12. 

11-21. Arc Initiation by Auxiliary Glow.—Arcs can be initiated in 
cold-cathode tubes containing an inert gas by establishing a glow dis¬ 
charge between two auxiliary electrodes or between an auxiliary electrode 
and either the anode or the cathode.^ In a tube of proper design, glow 
ignition is immediately followed by arc breakdown between the main 
electrodes if the anode power supply is capable of supplying sufficient 


^ S 1 .KPIAN, J., and Ludwig, L. II., Trans, Am, Inst. Elec. Eng., 62, 693 (1933). 
^ Dow, W. CL, and Powkbs, W. H., Elec. Eng., 64, 942 (1935). 

« CVebmbbuauskn and Edgebtox, loc . cit . 
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current to maintain an arc and if the auxiliary glow current exceeds a 
minimum value. 

11-22. Deionization.—In both glow and arc discharges the problem 
of the deionization of the gas or vapor is of great importance. The time 
taken for deionization after interruption of the anode current limits the 
application of discharge tubes, particularly of the grid-controlled type. 
In order that the grid shall be able to prevent firing when the anode 
voltage is reapplied it is necessary that the ions remaining in the inter¬ 
electrode space shall be so few that anode-to-grid ignition cannot take 
place and positive-ion sheaths cannot shield the grid. The completeness 
of deionization necessary to reestablish grid control increases with anode 
voltage. For this reason the time required for the grid to regain control 
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11-15.—Typical curves of arc reignition voltage of grid-controlled hot-cathodo arc 
tubes as a function of time after extinction. 


increases with anode voltage, and a single nominal value of deionization 
time may not adequately indicate the performance of the tube. The 
behavior of the tube can be specified completely by means of curves of 
voltage necessary to cause reignition as a function of time after extinction, 
for given values of grid voltage, temperature or pressure, and current 
previous to extinction. Typical curves of reignition voltage vs, time are 
shown in Fig. 11-15.^ 

The most effective method of deionization in discharge tubes is by 
recombination at electrodes and walls (see Sec. 1-11), and so deionization 
is favored by reducing the distance that ions must travel to walls and 
electrodes. Experimental curves such as those of Fig. 11-15 show that 
pressure, magnitude of anode current, and potential of the grid relative 
to the surrounding space also affect the rate of deionization.^ Because 

1 Beekey, W. E., and Haller, C. E., Elec. J., 31, 483 (1934). 

2 Hull, A. W., Gen. Elec. Rev., 32, 222 (1929); Beekey and Haller, loc. cit. See 
also S. S. Mackeown, J. D. Cobine, and F. W. Bowden, Elec. Eng., 36, 1081 (1934); 
J. D. Cobine, Physics, 7, 137 (1936); J. D. Cobine, and R, B. Power, J. Applied 
Physics, 8 , 287 (1937). 
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of increase of ion density, the deionization time increases with increase 
of current previous to extinction. Negative voltage impressed upon the 
grid or anode causes the positive ions to be pulled out of the interelectrode 
space, and so speeds up deionization. As the result of flow of positivedon 
grid current, resistance in the grid circuit causes a lowering of negative 
grid voltage and thus slows down deionization. Increase of gas pressure 
retards diffusion to the walls, increasing the deionization time. In 
mercuiy vapor tubes the vapor pressure increases with condensed mer¬ 
cury temperature. The rate of deionization therefore decreases with 
increase of condensed mercury temperature. 

The effect of deionizing time upon the dynamic characteristics of glow 
tubes has already been discussed. The manner in which the operation of 
glow and arc tubes in particular circuits is affected by deionization will be 
discussed in Chap 12. 

11-23. Peak Forward Voltage and Peak Inverse Voltage.—Because 
of the possibility of the formation of a glow discharge between the anode 
and the grid and resultant loss of grid control, there is a limiting value of 
positive anode voltage above which a grid cannot prevent an arc tube 
from firing. This is called the T^ak forward voltage. Likewise, there is a 
limiting negative anode voltage, called the peak inverse voltage, above 
which a glow discharge may form between the anode and the grid or 
cathode. There is then the possibility of arcback, which is the flow of arc 
current in the reverse direction to the normal flow. When arcback occurs 
in an alternating-voltage circuit, the tube ceases to rectify. Both the 
peak forward voltage and the peak inverse voltage depend upon the 
material of which the electx'odes are made (or with which they become 
coated), upon the kind of gas or vapor, and upon the gas or vapor pres¬ 
sure. In vapor tubes, the large change of vapor pressure with temper¬ 
ature makes these voltages dependent upon tube temperature. The 
peak forward voltage is greatly lowered if the grid becomes hot enough 
to give appreciable thermionic emission. Similarly, the peak inverse 
voltage is lowered by undue heating of the anode. In periodic operation 
of the tube, the peak forward and peak inverse voltages are also depend¬ 
ent upon the time intervening between extinction of the tube and reappli¬ 
cation of anode voltage and upon the magnitude of the anode current 
previous to extinction. 

Supplementary Bibliography 

Kingdok, K. IL: Phys. Rev., 21, 408 (1923). 

Sec also references at the end of Chap. 1. 



CHAPTER 12 

GLOW- AND ARC-DISCHARGE TUBES AND CIRCUITS 


The development of practical glow- and arc-discharge tubes based 
upon the theoretical principles presented in Chap. 11 has made possible 
new apparatus and instruments which are of great value in industry and 
in the laboratory. The design, characteristics, and applications of these 
tubes will be treated in this chapter. 

12-1. Essential Facts concerning Glow and Arc Discharge.—The 
student will find it advantageous to review the following facts, sum¬ 
marized from Chap. 11: 

1. A glow discharge is a discharge in which the electrons are released mainly 
by secondary emission at the cathode and by ionization by collision. It is 
characterized by cathode drop and anode voltage at least several times as great 
as the first ionization potential of the gas or vapor and usually, but not neces¬ 
sarily, by low current density. 

2. The formation of a glow discharge is dependent upon the existence of a 
source of some initial electrons or positive ions. Probable sources are photo¬ 
electric emission, radioactivity, and cosmic radiation. 

3. Ignition is the advent of a self-sustaining discharge, i.e., one that will 
continue even if the initial source of electrons at the cathode is removed. Igni¬ 
tion takes place when the ionization becomes great enough so that one electron 
is released at the cathode for each initial electron that leaves the cathode. 
The anode voltage at which ignition takes place is called the ignition voltage. 

4. Ignition may be accompanied or followed by breakdown, which is the 
incipient condition in which the current rises with no increase of applied voltage. 
Unless limited by external resistance, the current may rise to destructive values. 
The anode voltage at which breakdown takes place is called the breakdown 
voltage. The anode voltage at which the glow discharge ceases and the current 
falls to the dark-current range is called the extinction voltage. 

5. If the cathode is only partly covered with glow, the discharge is said to 
be “normal.’' The “normal’’ cathode drop is constant and usually the anode 
voltage is also essentially constant. Increase of current in the “normal” range 
is accompanied by increase of the portion of the cathode covered by glow. If the 
cathode is entirely covered by glow, the discharge is said to be “abnormal.” In 
the “abnormal” range the cathode drop and anode voltage rise with current. 

6. Glow ignition and breakdown may be prevented by a grid, placed so close 
to the anode that grid-anode breakdown cannot take place. The grid loses 
control when breakdown occurs and therefore cannot be used to extinguish the 
anode-cathode current. 
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7. An arc discharge is one in which there is some source of copious electron 
emission at the cathode other than secondary emission. The usual sources of 
emission are thermionic or field emission. An arc discharge is characterized by 
a cathode drop of the order of the first ionization potential of the gas or vapor and 
often, though not necessarily, by high current density. 

8. If the anode current of a hot-cathode arc exceeds the emission current, 
the cathode drop rises sufficiently to produce the necessary additional electrons 
at the cathode by secondary emission. The resulting positive-ion bombardment 
is likely to deactivate or destroy oxide-coated emitters. 

9. The anode voltage of an arc is essentially constant, or may fall, in the 
working range of current. Heirce the current must be limited by means of 
external resistance to prevent its rise to destructive values. 

10. The formation of an arc discharge may be controlled by an internal grid, 
an external grid, magnetic field, radio-frequency electromagnetic field, an igniter 
rod, and by the initiation of an auxiliary glow discharge. Once the arc has 
formed, a grid or other control mechanism loses control of the discharge, and the 
arc must be extinguished and deionization take place before control is regained. 
The time required for deionization to be sufficiently complete to enable the grid 
to regain control depends upon the tube and electrode structure, the kind and 
pressure of the gas or vapor, the current flowing at the time of extinction, and 
the electrode potentials during deionization. 

12-2. Applications of Glow Tubes.—It will be noted from the dis¬ 
cussion which follows that for certain applications either glow or arc tubes 
may be used, although there are usually factors which make one or the 
other preferable. Applications of glow tubes include the following: 

1. Production of light (modulated or for display). 

2. Voltage regulation. 

3. Rectification. 

4. Oscillation. 

6. Control of current or power. 

6. Protection of apparatus or circuits. 

7. Amplification, 

For most of these applications special types of tubes have been developed. 

Figure 12-1 shows symbols that will be used for glow-discharge tubes. 
Symbol (a) represents a two-element tube in which the electrodes are of 
equal area, symbol (6) one in which the area of one electrode exceeds 
that of the other, and (c) a grid-controlled glow tube. In such a tube the 
larger electrode ordinarily serves as cathode. The shading indicates that 
the tube contains gas or vapor in sufficient quantity to allqw the forma¬ 
tion of a glow' or an arc. 

12-3. Glow-discharge Tube as a Light Source.—discussion of the 
glow-discharge tube in the form of the familiar ^^neon^^ sign is beyond the 
scope of this book. The principles outlined in Chap. 11 are applicable, 
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but the particular requirements make this field a specialty.^ A more 
pertinent application is the use of a glow-discharge tube as a source of 
modulated light. In the early development of television, the glow tube 
was used in this manner in the formation of the received image but, 
since the application of the cathode-ray tube to television reception, the 

glow tube as a source of modulated 
light has been of value principally 
in the recording of sound on motion- 
picture film. The value of the glow 
tube as a modulated-light source 
lies in the facts that over the prop¬ 
er range of current the illumina¬ 
tion which it produces is directly 
proportional to the current and that response to changes in current is 
rapid. 

Tubes for the production of modulated light have been made in a 
variety of forms. The simplest, shown in Fig. 12-2a, consists of two 
parallel plane electrodes, placed so close together that the discharge takes 
place between the outer surfaces rather than the inner ones (see page 428). 

M/ca 


Coi) Cb) 

l^iG. 12-1.—Symbols 

tubes. 


for 


(c) 

glow-discbarge 







rArjoc/e ^^'<afhocie 



FjI amenfary ^ 
cathode — 

'Anode 


Glass A 


(b) 

Fig. 12-2.—Tubes for the production of modulated light. 



If the electrode spacing and gas pressure are correct, the outer surface of 
the cathode is uniformly covered with glow. Another type of tube is 
the craUr lamp illustrated in Fig. 12-26. The cathode consists of a solid 
cylinder which fits within a thin cyhndrical anode and is separated from 
the anode by mica, and in the outer end of which is a cone-shaped depres¬ 
sion. The design is such that the discharge takes place between the 

iSee, for instance, S. C. Miller and D. G. Fink, “Neon Signs,” McGraw-Hill 
Book Company, Inc., New York, 1935. 

“See, for instance, E. H. Felix, “Television—Its Methods and Uses,” McGraw- 
Hill Book Company, Inc., New York, 1931. 
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cone-shaped crater and the outside of the anode. The high current 
density at the center of the cone results in a concentrated source of light. 
A modified form of the crater lamp is shown in Fig. 12-2c. In this tube 
the discharge takes place between the anode and the inside of the cathode. 
The aeoKght lamp shown in Fig. 12-2d was developed for sound recording 
on motion-picture film.^ The hot filament furnishes a weak source of 
electrons which reduce the cathode drop. The number of electrons sup¬ 
plied by the hot filament is not high enough to produce an arc. 

In using glow-discharge tubes to obtain modulated light from modu¬ 
lated current, the voltage across the tube should at all times be high 
enough to prevent the tube from going out. If the voltage falls below 
the extinction potential, the tube goes out, and reignition .will not occur 
until the voltage has risen to the higher ignition potential. The inter¬ 
ruption of the light during this interval results in distortion. The 



(a) (b) 

l^iG. 12-3.—Circuits for the production of modulated light by means of glow tubes. 

current should preferably be sufficiently high so that the cathode is com¬ 
pletely covered with glow. 

One of the simplest ways to use a glow tube as a source of modulated 
light is to connect it directly into the plate circuit of a power amplifier 
tube, as shown in Fig. 12-3a. Since the a-c resistance of the glow tube is 
small, especially in the ^'normal” range of current, a resistance should be 
used in series with the glow tube in order to reduce nonlinear distortion 
(see Sec. 3-25). The plate supply voltage must be adequate to take care 
of the drop through the glow tube and the resistance. A circuit that 
requires lower battery voltage and that has the additional advantage of 
allowing independent adjustment of the operating currents of the ampli¬ 
fier and glow tubes is shown in Fig. 12-36. The resistance R acts both 
as a load for the power tube, through the transformer, and as a means of 
limiting and adjusting the average glow current. The transformer 
should be connected so that the primary and secondary d-c fluxes oppose 
each other. 

The principle of constant current density in the ^'normal” glow may 
be used as the basis of an oscillograph. Two rod electrodes rfre mounted 
in the same plane, but not quite parallel, as shown in Fig. 12-4. The gas 
pressure is chosen so that the glow strikes first at the base of the elec- 

^ ^Tlecordiag Sound for Motion Pictures,’^ p. 71, edited by Lester Cowan, McGraw- 
Hill Book Company, Inc., New York, 1931. 
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trodes, and the tube is operated in the “normal” range of current. As 
the current is changed, the discharge covers a greater or smaller portion 
of the electrodes. The height of the column of light then indicates the 
magnitude of the current. In combination with a rotating mirror to 
provide a time axis, the tube makes a simple and inexpensive 
oscilloscope.^ In order to prevent extinction of the dis¬ 
charge if the current is temporarily interrupted, a high- 
frequency field is sometimes applied to the lower part of the 
tube to act as a keep-alive device. The ignition potential 
is then close to the extinction potential, and distortion is 
decreased. The high-frequency field also reduces the volt¬ 
age required by the glow tube. Another application of 
glow tubes is as tuning indicators in radio receiver's.^ 

12-4. The Glow-discharge Tube as a Voltage Stabilizer. 
Because a large increase of current in the “normal” range 
is accompanied by only a small increase of tube voltage, a 
glow tube may be used as a simple voltage stabilizer. The 
circuit is that of Fig. 12-5.* The resistance R is high enough 
to limit the tube current to the “normal” range when the 
load current is zero. Load current increases the voltage 
drop in the resistance and so reduces the tube voltage. A 
small reduction of tube voltage in the “normal” current 
range, however, results in a comparatively large decrease in tube current, 
which tends to decrease the IR drop. Small variations 
of load current, therefore, cause compensating variations 
of tube current, the voltage across the tube remaining 
essentially constant. A tube designed for this purpose 
should have large cathode area in order to give a large 
range of “normal” current. The 874 neon or (in an 
earlier model) argon-filled tube, which has .a “normal” 
voltage of approximately 90 volts, an ignition voltage 
of approximately 120 volts, and a maximum current 
rating of 50 ma, was designed for this service. Other 
tubes, designed to operate at different useful values of 
voltage (indicated by the number in the type designation) are the VR-76, 
the yR-105, and the VR-150. 

Stjndt, E. V., International Projectionist, July and August, 1937. Also private 
communication from Littelfuse Laboratories, Chicago. 

2 Debybb,*J. F., Jr., Electronics, February, 1933, p. 40; Hisinzb, W., and Poiilh, 
W., E.T.Z., 66, 917 (1935); Mibam, P., Funkt. Mon., 10, 373 (1935); see also Ekc- 
tronics, January, 1936, p. 42 (abstr.). 

® Glow tubes designed for purposes of illumination ordinarily contain a current- 
limiting resistance in the base. This resistance must be removed if the tube is to bo 
used in the circuit of Fig. 12-5. 
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By the use of a number of tubes in series^ or of the stahilivoU, which 
has a number of additional electrodes between the anode and cathode, 
as shown in Fig. 12-6, it is possible to obtain several stabilized voltages 
fjorn a single source.^ 

12-6. The Glow-discharge Tube as a 
Rectifier.—Because of their high voltage 
drop and consequent low efficiency, as well 
as their small current capacity, glow tubes 
are now seldom used for rectification. 

Nevertheless, the principle of rectification 
by glow tubes is still of interest. A typical 
tube developed for this purpose is illustrated Fig. 12-6.—Multielectrode 
m Fig, 12-7a. The operation ot the tube i. “i™* — » 

based upon the manner in which the form 

of the static characteristic curve is affected by the cathode area. Curve 
a of Fig. 12-8 is for a cathode of small area. The ' ‘ normal ’' current range 
is very small, so that at relatively small currents the voltage rises rapidly 
with current. Curve h is for a cathode of large area, for which the “nor¬ 
mal” current range is large. Intersection of the load line of Fig. 12-8 
with the two curves shows that for the same load resistance E and the 




Fia. 12-7.—(a) Eloctrodo,, Htructurc of a full-wavo 
glow-discharge rectifier; {h) circuit for its use. 



S 'lO. 12-8.•—Current-voltage 
•am of a glow tube with two 
elec;kT)des of unequal area, show-' 
ing low rectification is obtained. 


same applied voltage E the current will be much higher for the large- 
cathode area than for the Binall cathode area. If a tube having a small 
and a large electrode is connected to an alternating voltage through a load 
resistance, current will flow from the time in the cycle at which the sup- 


1 K5r5s, L., E.T.Z., 60, 786 (1929); Wireless Eng., 6, 460 (1929) (abstr.). 

2 Noack, F., Z. Ver. deut. Ing., 74, 548 (1930); Wireless Eng., 7, 408 (1930) (abstr.); 
Gockbl, H., Physih Z., 38, 65 (1937). 
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ply voltage exceeds the ignition voltage of the tube (not necessarily the 
same for both polarities) until it falls below the extinction voltage. For 
a given instantaneous applied voltage the current is much greater when 
the large electrode acts as cathode than when the small electrode acts as 
cathode, and so rectification takes place. The tube illustrated in 
Fig. 12-7a contains two small electrodes and one large one, so that full- 
wave rectification is obtained by the use of the circuit of Fig. 12-76. 

Rectification may also be accomplished by making use of the differ¬ 
ence in ignition potentials for the two polarities of glow tubes having 
dissimilar electrodes. 

12-6. The Glow-tube Relaxation Oscillator.—A useful application 
of the glow-discharge tube is made in the glow-tube relaxation oscillator, 
the simplest circuit of which is shown in Fig. 12-9. A glow tube, shunted 
by a condenser C, is connected to a d-c supply through a resistance R 
that is sufficiently high to limit the charging current to the dark-current 
range (usually not less than 1 megohm). When the circuit is first closed, 



Fig. 12-9. —Basic circuit of the glow-tube 
relaxation oscillator. 



Fig. 12-10.—Variation of condenaer 
voltage in the glow-tube relaxation oscilla¬ 
tor of Fig. 12-9. 


the condenser charges through the high resistance. The condenser volt¬ 
age rises exponentially, as indicated by the relation 

V = Eadl - (12-1) 

The curve of condenser voltage is shown in Fig. 12-10. When the con¬ 
denser voltage becomes equal to the ignition (breakdown) voltage Vi of the 
tube, the tube breaks down, and the condenser discharges through the tube. 
Since no resistance is usually used between the condenser and the tube, 
the discharge current is high, being limited by the small resistance and 
inductance of the connecting wires and by the tube characteristic. (The 
time during which high current flows is ordinarily too short to allow the 
electrode temperature to rise enough to result in thermionic emission, 
and so the current does not exceed that corresponding to point n of 
Fig. 11-1.) The condenser discharges very quickly to a voltage equal 
to the extinction potential V^, at which the tube goes out, and the con¬ 
denser begins recharging. The condenser voltage varies periodically 
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between the voltages Ve and Vi at a frequency determined by these volt¬ 
ages and by the circuit constants. 

The time of discharge is so short that the frequency of oscillation 
depends almost entirely upon the time taken to charge the condenser 
from the extinction potential to the ignition potential This time 
increases with the difference between the ignition and extinction volt¬ 
ages, with the capacitance of the condenser, and with the resistance. It 
decreases with increase of applied voltage. By substituting Vi and Ve 
for V in Eq. (12-1) and solving for the two corresponding values of t, the 
following approximate expression for the oscillation frequency may be 
derived:^ 




EC log, 


Ea 


Ve 


Ea 


Vi 


(12-2) 


Equation (12-2) is of value only because it shows the manner in which 
the various factors influence the frequency of oscillation; it cannot be 
used to predict exact values of frequency from known circuit constants, 
because the ignition and extinction voltages are themselves complicated 
functions of the frequency, the tube temperature, illumination of the 
electrodes, and the magnitude of the discharge current (as shown by 
Fig. 11-8). 

Frequencies as low as 1 cycle in 15 min. may be readily obtained. The 
chief difficulty encountered in obtaining such a low frequency results 
from the increase of condenser leakage with condenser capacitance. 
The upper frequency limit usually does not exceed 10,000 cps and is 
obtained without the use of a condenser, the electrodes and leads furnish¬ 
ing the required capacitance. The upper frequency limit results because 
there is a lower limit to the resistance, below which the tube glows 
permanently. A complete analysis of the criterion for oscillation must 
be based upon the dynamic characteristics of the tube and is beyond the 
scope of this book. 

Because the ignition and breakdown of glow tubes are dependent 
upon the presence of some initial ions, irregularity of oscillation is usually 
observed, particularly at very low frequencies, unless care is taken to pro¬ 
vide a constant source of initial ions. If no light is allowed to strike the 
tube, the initial ionization is probably produced largely by cosmic radi¬ 
ation and is not constant. A small amount of light on the cathode is 
usually sufficient to supply enough photoelectrons to give stable opera- 

^Righi, a., Rend, accad. Bologna^ 6, 188 (1902); Pbaeson, S. O., and Anson, 
H. S., Proc. Phys. Soc. London, 34, 175, 104 (1922). For bibliography, see F. Bedell 
and H. J. Reich, J. Am. Inst Elec. Eng., 46, 563 (1927). 
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tion. Some change in oscillation frequency with illumination of the 
cathode is generally noted. ^ 

Like other types of relaxation oscillators discussed in Chap. 10, the 
glow-tube oscillator can be locked into step with a frequency equal, or 
very nearly equal, to the oscillator frequency or a multiple of that fre¬ 
quency. The control voltage is best introduced through a transformer 
in series with the terminal of the tube that does not connect to the resist¬ 
ance, as shown in Fig. 12-11, and should preferably have a steep wave 
front. 

The wave form of the condenser voltage is shown by Fig. 12-10. The 
wave shape is virtually that of a right triangle, 
except that the hypotenuse is curved because of 
the exponential rise of voltage. For given ignition 
and extinction voltages the curvature decreases 
with increase of battery voltage and may be made 
very small. A true saw-tooth wave of voltage in 
which the hypotenuse of tlie triangle is straight is 
obtained if the charging current is maintained 
constant.2 During the charging period the con¬ 
denser charging current is equal to the supply 
current L If I is constant, the charge on the condenser at any time t 
after extinction of the tube is 



"i- Control 
^ .voJtoige 


Fig. 12-11.—Glow- 
tube oscillator stabilized 
by control voltage. 


Q = Qo + (12-3) 

where Qo represents the charge on the condenser at the instant of extinc¬ 
tion. The voltage across the condenser and the glow tube is 

7 = ^ = ^-l-_ = 7 „ 4 .._ (12-4) 

Equation (12-4) shows that the condenser voltage rises linearly during 
the charging period. If it is assumed that the discharge is instantaneous, 
the following expression for the oscillation *fre(]iiency may be found by 
substituting Ye and Vi in Eq. (12-4) and solving for the difference 
between the two values of t: 

^ ^ WT^v^c 

Evidently the use of a constant charging current makes the fre¬ 
quency independent of supply voltage, as would be (>xi)(>cte(l. Since 
Vi and V, are functions of frequency, it is not possible to use hlq. (12-5) 
in the exact determination of frequency. 

1 OscHWALD, U. A., and Tareant, A. G., Proc. Phys. Soc. London, 36, 241 (1924) • 
Reich, H. J., J. Opt. Soc. Am., 17, 271 (1928). 

2 See also Sec. 15-20. 
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Although nearly constant supply current can be obtained by replac- 
ing the resistance R of Fig. 12-9 by a voltage-saturated diode or a triode 
with positive grid voltage and low filament temperature, the best method 
is by the use of a voltage pentode, as shown in Fig. 12-12. At the very 
small currents (microamperes) required for charging the condenser, 
the plate current ot a pentode is practically independent of plate voltage 
over a large range of voltage. An addi¬ 
tional advantage of the pentode is the 
ease with which the plate current, and 
hence the frequency, can be controlled by 
means of the grid and screen voltages. 

12-7. Applications of the Glow-tube 
Oscillator.—The glow-tube oscillator can 
serve as a convenient generator of audio¬ 
frequency voltage for applications in 
which high harmonic content is desirable, 
or at least not objectionable.^ Since resistance across the glow tube 
changes the frequency, distorts the wave form, and may even stop 
oscillation, the oscillator must be^ followed by a capacitance-coupled or, 
preferably, direct-coupled amplifier if it is necessary to vary the output 
voltage or if current or power output is required. A typical circuit is 
shown in Fig. 12-13. Figure 12-14 shows an interesting modification of 


6SJ7 



Tig. 12-12.—Form of glow-tube 
oscillator in which the condenser 
voltage rises linearly with time. 


6SJ7 6J5 



Fig. 12-13.—Glow-tube oscillator and 

direct-coupled ainpliher. 



Fig. 12-14.—Circuit in which oscillator 
frequency is controlled by light. 


this circuit in which the addition of a phototube makes possible the con¬ 
trol of oscillator frequency by light. 

Another modification of the circuit of Fig. 12-13 is obtained by con¬ 
necting a relay in the plate circuit of the amplifier tube.^ The relay- 
opens and closes as the condenser charges and discharges, the frequency 
of operation being controlled’ by the condenser capacitance and the bias 
of the pentode. The fraction of the cycle during which the relay remains 

iKock, W. E., Physics, 4, 359 (1933); Electronics, March, 1935, p. 92; Radio 
Eng,, May, 1936, p. 17. 

2 Reich, H. J., Rev. Sci. Instruments, 2 , 164, 234 (1931). 


458 


APPLICATIONS OF ELECTRON TUBES 


[Chap. 12 


A": l^Ujbe 


energized can be controlled by varying the bias of the amplifier tube (see 
Prob. 124). 

Other applications of the glow-tube oscillator to the measurement of 
resistance and capacitance and to the cathode-ray oscillograph are dis¬ 
cussed in Chap. 15 (see Secs. 15-13 and 15-20). 

12-8. Control of Power by Glow-discharge Tubes. Grid-glow Tube. 
Because of the lower voltage drop and higher current capacity of arc 
tubes, glow tubes are now used relatively little in the control of power. 
The advantage of the glow tube is that no cathode heating power is 
Anode required. 

_ / A practical grid-controlled glow-discharge 

• 1 / tube, the grid-glow tube, ^ is illustrated in Fig. 

Griof^- Jioifhode 12-15. The cathode consists of a cylinder, 

Sh' fd " j 1 ' approximately 1 in. in diameter and 1^ in. 

K The anode is a small wire which pro- 

—_ jects through the end of a glass tube and is 

J surrounded at its base by a small cylindrical 

Hu shield. The grid is also a short cylindrical 

electrode which surrounds the tip of the 
anode. 

The use of a small anode accomplishes 
Fig. 12-15.—Electrode structure two results. As ill the rectifier tube of Fig. 

of the grid-glow tube. 12-7u, very little current flows when the 

small electrode is negative, and rectification results when alternating volt¬ 
age is used in the anode circuit. Secondly, the small size of the anode and 
grid accentuates the negative charging of the grid when it is free. During 
the flow of dark current between anode and cathode before breakdown 
occurs, the large number of electrons formed in the large volume outside 
of the grid are drawn toward the anode, and many of these strike the grid. 
The only positive ions that can strike the grid, on the other hand, are 
the relatively few formed in the small volume of gas between the grid 
and the anode. Thus the number of electrons that strike the grid 
exceeds the number of positive ions both because of the greater speed of 
the electrons and because the grid is placed at a point where large 
numbers of electrons are converging. Hence, when the grid is free, it 
is always only slightly positive relative to the cathode and, as explained 
in Sec. 11-13, grid-to-cathode breakdown cannot occur. The close 
spacing of the grid and anode prevents grid-to-anode breakdown. 

The grid-cathode ignition potential of the grid-glow tube is about 
270 volts, and the extinction potential about 170 volts. In order for the 
discharge to transfer from grid to anode after grid ignition, it is necessary 

^Knowles, D. D., Elec. J., 27, 232 (1930); Knowles, D, D., and Sashoef, S. P., 
Electronics^ July, 1930, p. 183. 


Pig. 12-15.—Electrode structure 
of the grid-glow tube. 
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that the anode voltage should be higher than the grid voltage by an 
amount that depends upon the current flowing in the grid circuit. The 
manner in which the required difference between grid and anode voltages 
varies with grid current is shown in Fig. 12-16. 

When the grid-glow tube is used with direct voltages, the anode cur¬ 
rent can be stopped only by reducing the anode voltage below the extinc¬ 
tion Value. In order that the grid may regain 
control, the grid voltage must also be reduced 
below the extinction potential, at least 
momentarily, and kept below the ignition 
potential. Since the grid-glow tube is a 
rectifier and the anode current is cut off at 
the time in each cycle when the anode voltage 
drops helow the extinction potential, the 
tube may be conveniently used with alternat¬ 
ing voltage. If the grid voltage is reduced 
below the ignition value, the grid regains 
control at the instant in the cycle when the 
tube goes out, and it prevents further flow of 
anode current until the grid voltage is again 
raised above the ignition value. 

12-9. Grid-glow Tube Circuits.—The 
basic circuit for the grid-glow tube is that of Fig. 12-17, in which the 
grid potential is controlled by the potentiometer setting. Subject to the 
condition that the grid current and anode voltage are adequate to ensure 
transfer of the discharge to the anode, anode current flows when the grid 
potential equals the grid-cathode ignition potential. The tube can also 
be fired by increasing the applied voltage. 



,r, 200 400 600 

^ Difference Between Anode 
Voltoige oind Grid Voltaoje 
For Transfer 

Fig. 12-16.—Curve relating 
grid current and difference 
between grid and anode volt¬ 
ages necessary to cause transfer 
of discharge from grid to anode 
of the grid-glow tube. 



Load 


Fig. 12-17.—Basic d-c circuit for grid-glow Fig. 12-18.—Modified form of d-c circuit 
tube. for the grid-glow tube. 


Omission of one portion of the voltage divider of the circuit of Fig. 
12-17 simplifies the circuit to that of Fig. 12-18. If the variable resist¬ 
ance is sufficiently high, the dark current which flows in the grid 
circuit preliminary to breakdown reduces the grid voltage to a value less 
than the ignition potential. Reduction of the resistance raises the grid 
voltage. Breakdown requires not only that the grid voltage equal the 




460 


applications of electron tubes 


[Chap. 12 


ignition potential but also that the grid current be made large enough to 
allow transfer of the discharge from the grid to the anode at the prevailing 
anode voltage. The addition of a condenser between the grid and the 
cathode, as shown by the dotted lines, provides a relatively large surge 
of grid current when the grid voltage equals the ignition value; it thus 
ensures transfer of the discharge to the anode at this grid voltage. Two 




Fig. 12-19.—Two grid-glow tube circuits that incorporate phototubes. 


circuits by means of which it is possible to use a phototube to control 
breakdown are shown in Fig. 12-19. With circuit a, increase of illumina¬ 
tion causes breakdown; with circuit 6, decrease of illumination causes 
breakdown (see also Sec. 1?-11). 

The circuits of Figs. 12-17 to 12-19 may be used with alternating as 
well as with direct voltage. When alternating voltage is used, variation 
of potentiometer setting or grid-circuit resistance changes the time in the 
cycle at which breakdown occurs and hence the 
portion of the cycle during which current flows. In 
this manner the average rectified anode current is 
under control, the grid in effect having complete 
control over the average anode current. 

In another type of control, known as phmA 
control, the average anode current is regulated by 
the phase relation between the anode and grid 
voltages. In Fig. 12-20 a phase-control circuit is 
shown in which change of the resistance R or of th# 
capacitance of the condenser C controls the average 
anode current. The average anode current increase's 
with decrease of B or C. A complete explanation 
of phase control will be given in conjunction with the treatment of grid- 
controlled arc-discharge tubes. This explanation also applies, in its 
essential details, to grid-glow-tube phase control (see Bee. 12-43). 

It should be noted that no voltage amplification is ol)talned with, the 
grid-glow tube, the required grid-control voltage being of the same ordcT 
of magnitude as the anode voltage. The value of the grid-glow tube lies 
in its current amplification. Currents of 8 or 10 rna can be controlled 
by means of changes of grid voltage with the flow of only a few micro- 



Fia. 12-20.—Grid- 


glow-tube circuit in 
which change of resist¬ 
ance or capacitance 
changes the average 
anode current. 




Sec. 12-10] GLOW- AND ARC-DISCHARGE TUBES AND CIRCUITS 461 


amperes of grid current and the expenditure of a correspondingly small 
amount of grid power. 

The shield of the grid-glow tube may be maintained at a fixed poten¬ 
tial, or used to control breakdown in the same manner as the grid. 

12“10. Starter-anode Glow Tubes. —A different method of controlling 
anode-cathode breakdown is used in the OA4 ^‘gas triode,’^ shown in 
Fig. 12-21. This tube uses a starter anode in place of a grid.^ The tube 
is designed so that breakdown does not occur directly between the main 
anode and the cathode unless the anode voltage is at least 225 volts. 
Breakdown occurs between the starter anode and the cathode, on the 



Fig. 12-21.—Startor-anodo glow tiibo. 


other hand, when the starter anode voltage is 90 volts or less. Starter- 
anode breakdown is followed by breakdown to the main anode if the 
starter-anode current and main-anode voltage are sufl&ciently great. 
The required value of starter-anode current increases from zero to 
approximately 250 ma with decrease of main-anode voltage from its 
breakdown value to a value equal to the starter-anode breakdown 
voltage. Since the main anode is very small in comparison with the 
cathode, the tube rectifies and may be used on alternating supply voltage. 
The tube can carry 25 ma continuously, which is ample for the operation 
of relays. Because of the very small current required in the starter- 
anode circuit, the tube may be controlled by voltages in tuned radio¬ 
frequency circuits^ It has other applications as a control device. 

^ Bahls, W. E., and Thomas, C. H., ElectronicSj May, 1938, p. 14; Ingkam, S, B., 
Trans, A.LE.E,, 68, 342 (1939). 



462 


APPLICATIONS OF ELECTRON TUBES 


1(.!hap. 12 


12-11. Glow-tube Protective Devices. —Another interesting applica¬ 
tion of the glow tube is in the protection of electrical apparatus against 
surge voltages.^ Connected across the apparatus, the glow tube serves 
as a by-pass for surge voltages above the ignition potential of the tube. 
It is evident that the extinction potential should be higher than the 
normal voltage of the apparatus which it protects, in order that the tube 
may extinguish when the surge is over. Heating of the (ilcKitrodes may 
cause the glow to change into an arc. For this reason a current-limiting 
resistance must be provided if the circuit is capable of supplying sufficient 
steady current to maintain the arc. Glow tubes have been used to dissi¬ 
pate the energy released by the opening of a circuit containing a large 
inductance, such as an electromagnet or the field coil of a generator. 

12-12. Glow-discharge Amplifier Tubes. —A number of glow-dis¬ 
charge tubes have been designed for the purpose of voltage and power 
amplification. In the most successful of thcvse tubes a small glow dis¬ 
charge between auxiliary electrodes serves as a source of cdectrons which, 
are controlled by the main electrodes in the same manner as in thermionic 
amplifier tubes.^ In another type, complete control of the anode current 
over a limited current range is attained by the use of a si)eeial type of 
grid.^ The disadvantages of these tubes outweigh their advantages, and 
so far they have been largely of theoretical interest. 

12-13. Arc-discharge Tubes.— In Chap. 11 it was pointed out that 
arc discharges are characterized by low voltage drop and, UHually, high 
current density and that the difference between the chara(‘,teristies of the 
glow and the arc results from the presence at the arc (*atliode of a (sopious 
source of emission other than secondary emission. Arc-discharge 
tubes may be either of the hot-cathode or the cold-eathoch^ type. In 
the former the source of electrons at the cathode is tliermionic emission; 
in the latter it is probably emission caused by very high fields at the 
cathode, resulting horn space charge. Ilot-cathode ar(*- diodc^s (uKdlfiers) 
are of two types: high-pressure, which carries the trader numc hot gar or 
rectigm; and low-pressure, designated by the trader nanu^ plianatron. 
Grid-contioiled hot-cathode arc tubes are known iis thyralrota^, ^FIuh 
was originally also a trade name but has now been reh^asc'd for gcuu^ral 
use. 


^ Private communication from Littelfiise I^aboratoricNs, (lii(^ago. 

2 Htjnd, August, ^‘Phenomena in Higli-frequcuu^y Systems,pp 271-277 
McGraw-Hill Book Company, Inc.. New York, 19a6;\hiNiuiKRs<uufL A., mnl 
Nbllek, F., Z.Physik, 12 , 1, 8, 28 (1931); JfUectronics, December, 103 L p. 242. Bee 
also Electronics^ January, 1933, p. 6. 

^ Eeich, H. J., and Hbsselberth, W. M., Electronics^ Oc.tobw’, 1933, p. (UK), 

M Veriijjmtlirh. Sinm-m-Kmisnn, 

W3 S’gssf' 1935, p. i;jl (iilmtr.), Tdvfmh'n 
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12-14. Advantages of Arc-discharge Tubes.—One advantage of the 
arc tube over both the glow tube and the high-vacuum tube is the high 
anode-circuit efficiency. Since the tube dissipation at a given anode 
current is proportional to the anode voltage, it follows that the dissipation 
in an arc-discharge tube having an anode voltage of from 10 to 20 volts 
under load is considerably smaller than in a high-vacuum tube which 
passes the same current at a plate voltage of from 250 to several thousand 
volts. In a mercury arc tube designed to operate from a peak supply 
voltage of 2000 volts and having an anode voltage drop of 15 volts under 
load, the anode circuit efficiency may approach the value 


(2000 - 15) 
.“2000 


= 99.25 per cent.^ 


The advantage of the arc tube lies not only in the low value of the tube 
drop but also in its constancy. Because the tube drop does not vary 
with load, the voltage regulation of a rectifier using a mercury vapor arc 
tube is much better than that of a similar circuit using a high-vacuum 
rectifier tube. In high-vacuum tubes the high voltage drop results 
from electron space charge. In arc tubes there are practically equal 
"numbers of electrons and positive ions throughout the tube, and, as 
explained in Chap. 11, the voltage drop in the rated current range is only 
that required to produce ionization. Another advantage of the hot- 
cathode arc tube over the high-vacuum tube is the higher cathode emis¬ 
sion efficiency attainable. This will be explained later in this chapter. 

The high anode and emission efficiencies of hot-cathode arc tubes 
make possible the control of large current by means of relatively small 
tubes. The FG-27 thyratron, for instance, has a maximum average 
current rating of 2^ amp and a peak anode voltage rating of 1000 volts 
and can control 2500 watts of power. This tube is only slightly larger 
than the type 50 high-vacuum triode, which has a maximum operating 
plate current of 55 ma and a power output that cannot exceed about 
20 watts, even in Class C operation. An important disadvantage of 
arc-discharge tubes over high-vacuum tubes is the incompleteness of 
grid control, the current after firing being determined by the applied 
voltage and the load impedance. 

12-16. Tungar Rectifier.—The first type of hot-cathode arc rectifier 
to be developed was the tungar.^ One of the principal functions of the 
argon gas or mercury vapor used in this tube is to protect the oxide-coated 
cathode against evaporation of the barium so that the cathode can be 
operated at high temperature and hence high emission efficiency. To 
accomplish this the pressure of the gas or mercury vapor must be about 

^ In a-c operation the efficiency may approach abont 98 per cent. 

2 Hull, A. W., Trans. Am. Inst. Elec. Eng., 47, 753 (1928). 
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1 mm. Glow ignition voltage at this relatively high pressure is so low that 
the tubes cannot be used at high voltage, and satisfactory grid control 
cannot be attained. The principal application of tungar rectifiers has 
been in battery charging. 

12-16. Cathode Structure of Low-pressure Hot-cathode Arc Tubes. ^ 

’At low gas or vapor pressures, such as must be used in grid-controlled 
arc tubes and high-voltage arc rectifiers, the gas does not exert a protec¬ 
tive action upon the cathode, and positive-ion bombardment may result 
in cathode disintegration. Since the cathode cannot be operated at high 
temperature, as in the tungar, high cathode efficiency must be attained 
by the use of special cathodes that have low heat loss. This is made 
possible by the characteristics of the arc discharge. In high-vacuum 
tubes the electrons that leave the cathode must follow the electric field, 
and any emitting surface to be of value must be placed so that some 
lines of force from the anode will terminate upon it. In the arc tube, on 
the other hand, as soon as the tube fires, the whole tube is filled with 
large, and practically equal, numbers of positive ions and electrons. 
The flow of current consists of a relatively slow drift of electrons toward 
the anode and of positive ions toward the cathode. Electrons in the 
immediate vicinity of the anode are drawn toward it, leaving excess 
positive charge behind them which immediately causes the advance 
of other electrons that are nearer the cathode. At the cathode, electrons 
that drift away are replaced by those emitted from the cathode. This 
drift is superimposed upon the high random velocity due to the tempera^ 
ture of the gas and need not take place along the initial field from cathode 
to anode. In effect, the presence of the ionized gas enables the electrons 
to drift in curved paths which do not coincide with the field, so that 
portions of the cathode surface that are not subject to the initial field 
set up by the anode voltage are effective in supplying electrons as soon 
as the tube is allowed to break down. Hence, cathodes may be made tip 
in forms that greatly reduce the loss of heat. High emission elfficienoy* is 
attained at the expense of rapid heating, however, since the greater heat 
capacity and reduced heating energy increase the time taken to establish 
thermal equilibrium. In practice a compromise must be made between 
high efficiency and short heating time. The heating time of commercial 
hot-cathode arc-discharge tubes ranges from 6 sec to 1 hr. 

In Fig. 12-22a is shown the type of filamentary cathode originally used 
in the FG-27 thyratron. Heat that is radiated by any of the inner tnrm, 

iHtjll, ibid. Hull, A. W., Gen. Elec. Rev., 32 , 213 (1929); Hull, A. W., and 
Langmuik, I., Proc. Nat. Acad. Sci., 16, 218 (1929); Hull, A. W.. Phi/mcH, 2, 409 
(1932), 4 , 66 (1933); Lowey, E. F,, Electronics, October, 1933, p. 280; I)(‘ceniher, 
1935, p. 26; Elec. J., April, 1936, p. 187; Knowles, D. D., Lowet, E. F., and 
FORD, R. K., Electronics, November, 1936, p. 27; Pikk, 0. W., Cornmunivaliom, 
October, 1941, p. 5. 
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of the spiral filament is absorbed by adjacent turns. Radiation from 
the outer surface is reduced by the bright nickel cap that surrounds the 
filament. Heat loss may also be reduced by crimping the ribbon, as in 



(a) (b) (c) 

Fia. 12"22.-—Three types of filamentary cathodes used in hot-cathode arc tubes. 

the filament of Fig. 12-226, or by folding it, as in the filament of Fig. 
12-22c.^ Figure 12-23a shows the construction of the indirectly heated 
cathode used in early models of the FG-67 thyratron. Heat loss is 
greatly reduced by reflection from the outer concentric cylinders. The 
active coating covers the outside of the inner cylinder which surrounds 
the heater, the inner surface of the first outer cylinder, and the con¬ 



necting vanes. Figures 12-236 and 12-23c show two cathodes that 
combine direct and indirect heating.^ These cathodes have the oxide 
coating on the surfaces of the corrugated heating element and on the 
^Lowky, loc , cdL 






466 


APPLICATIONS OF ELECTRON TUBES 


[Chap. 12 


inner surface of the inner cylinder. The cathode of Fig. 12-22a has an 
average emission current rating of 2^ amp at a power consumption of 
35 watts, that of Fig. 12“22c a peak current rating of 65 amp at 200 watts, 
and that of Fig. 12-23a an average emission current rating of 2-| amp at 
22-|- watts. 

Two requirements must be satisfied in the design of cathodes for grid- 
controlled hot-cathode arc tubes. (1) The difference in potential between 
the ends of the filament or heater must be less than the ionization poten¬ 
tial of the gas or vapor. Otherwise discharge takes place and produces 
a continuous supply of ions that prevent the grid from controlling the 
anode current. (2) In filamentary cathodes the crest potential drop 
through the filament must be less than the difference between the ionization 
and disintegration potentials (see Sec. 11-16). If the filament voltage is 
higher than this, the anode potential relative to the negative end of the 
filament will exceed the disintegration potential when the anode voltage 
relative to the positive end is equal to the ionization potential. Special 
care must be taken in preventing discharge between the ends of 110-volt 
heaters. Five-volt cathode heaters or filaments are generally used. In 
designing filamentary cathodes it is necessary to take into account the 
heating effect of the anode current in passing through the filament. 
This necessitates limitation of peak anode current to the order of magni¬ 
tude of the filament current and of average anode current to considerably 
smaller values, even though the saturation emission current may be 
higher.^ 

12-17. Choice of Gas or Vapor,—Either mercury vapor or the inert 
gases may be used in hot-cathode arc-discharge tubes. Ikicause the 
vapor pressure of mercury varies greatly with temperature, the charae^ 
teristics of mercury vapor tubes are very susceptible to small changes of 
tube temperature such as may result from air currents or changes of 
cathode temperature. The disadvantages of the rare gases are their 
higher ionization potentials, which result in higher tube drop than with 
mercury; their very much lower ignition voltages, which greatly reducb 
the maximum alternating voltage that can be applied to the anode 
without danger of arcback and without loss of control by the grid; and i 
the tendency of gases to ''clean up,'' or combine with the electrode metals 
to form stable compounds and thus to change pressure. The tube drop 
under load is about 10 or 11 volts in mercury vapor tul)es and about 
16 volts in argon tubes. Mercury vapor is used in most arc 
Only a small quantity of mercury, usually not more tlian a few drops, 
is sufficient to supply ample vapor. The vapor pressure is controlled 
by the temperature of the tube, and usually lies in the range from 1 to 50 
microns (20^^ to 70°C.). The lower limit of pressure is that at which 

^ Lowry, loc . cit . 
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there are insufficient positive ions to neutralize electron space charge 
near the cathode, and the upper limit that at which the glow ignition 
potential is too low or at which the diffusion of positive ions is too slow 
to give sufficiently rapid deionization. 

12-18. Tube Ratings.^—The amount of power that can be controlled 
by means of a hot-cathode arc tube depends upon the voltage and current 
that the tube can safely withstand. Voltage limitations exist because 
of the possibility of the production of a glow discharge between the grid 
and the anode (see Sec. 11-23). The glow results in loss of control by 
the grid because of space-charge sheaths formed about the grid. Current 
limitations exist because of danger of excessive anode heating and of 
destructive positive-ion bombardment of the cathode (see Sec. 11-15). 

These terms are commonly used in rating arc rectifiers: 

The maximmn peak inverse voltage is the maximum instantaneous 
negative anode voltage that can be applied to the tube without arcback, 
breakdown in the reverse direction from that in which current normally 
flo ws. It depends upon electrode materiali upon pressure of the gas or 
vapor and hence temperature in mercury vapor tubes^ and upon residual 
ionization, which depends, in turn, upon the frequency of the anode sup¬ 
ply voltage and the load current. 

The maximum peak forward voltage is the maximum instantaneous 
positive anode voltage at which the grid can prevent firing. At higher 
voltage a glow forms between anode and grid, the grid loses control, and 
an arc forms between anode and cathode. 

The maximum instaritaneous anode current is the highest instantaneous 
periodic current that the tube can stand under normal operating condi¬ 
tions without damage to the anode because of overheating or to the 
cathode because of positive-ion bombardment. The length of time dur¬ 
ing which a given tube will stand this instantaneous current or the 
frequency with which it will stand an instantaneous current surge of a 
given duration depends upon tube heating. 

The maximum surge current rating is a measure of the ability of a 
tube to stand extremely high transient currents. This rating is intended 
to form a basis for circuit design in limiting the abnormal currents that 
occur during short-circuit conditions. The tube cannot, however, be 
subjected to repeated short circuits without the probability of a corre¬ 
sponding reduction in life and the possibility of failure. 

1 Some of the definitions that follow are taken, with ininor modifications, from the 
General Electric Co. bulletin GET-426. See also H. C. STii^iNKR, A. C, Gable, and 
H. T. Masee, Elec. Eng., 61, 31,2 (1932); 0. W. Pike, and D. Uli^ey, EUc. Eng., 63, 
1577 (1934); Standards on Electronics, p, 4, Institute of Radio Engineers, New 
York, 1938, 
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The maximum average anode current is a rating based upon tube heat¬ 
ing. It represents the highest average anode current that can be carried 
continuously through the tube. In the case of a rapidly repeating cycle 
of operation, this may be measured on a d-c meter. Otherwise, it is 
necessary to calculate the average current over a period not to exceed a 
definite interval of time which is specified for each design of tube. For 
instance, a tube with a maximum instantaneous anode current rating of 
15 amp, a maximum average anode current rating of 2.5 amp, and an 
integration period of 15 sec could carry 15 amp for 2.5 sec out of each 
15 sec or 7.5 amp for 5 sec out of every 15 sec. 

The grid current ratings are given in terms of the maximum instan¬ 
taneous grid current and the maximum average grid current, and the 
integration period is the same as for the anode current. 

The tube voltage drop is the anode-to-cathode voltage under normal 
anode current flow. It will be represented by the symbol Ea. Tube drop 
varies with temperature in mercury vapor tubes. 

The deionization time, specified in microseconds, is the time required 
under normal conditions to bring about sufficient deionization to regain 
grid control. The time is based on maximum average anode current 
and (in mercury yapor tubes) a condensed mercury temperature of 40‘^C. 
It decreases with decrease of temperature and of anode current. This 
factor is very important in many circuits, but, inasmuch as it depends 
upon tube temperature, grid-circuit regulation, and otlier factors, the 
specified figure should be considered as only relative (see Sec. 11-22). 

The grid-control characteristic (approximate starting characteristic) is a 
graph relating the anode voltage with the critical grid voltage at which the 
tube fires. The grid-control characteristic is affected by tube temperature. 

12-19. Breakdown Time of Thyratrons.^—The breakdown time of 
thyratrons is so small that it need not ordinarily be taken into con¬ 
sideration in the design and operation of thyratron circuits. The 
investigations that have been made indicate that the ionization time is of 
the order of a few microseconds. 

12-20. Grid Current Previous to Firing,—One very important factor 
in the application of thyratrons is the grid current that flows prior to 
firing. Grid current is particularly objectionable in tubes used in control 
circuits in which the grid current must flow through a very high resistance 
such as a phototube or a coupling resistance. The resulting voltage drop 
may prevent firing of the tube.^ Grid emission may also clause grid- 
anode breakdown and thus result in loss of grid control. 

Grid current results from five principal causes: electrons attracted to 
the grid from the cathode, positive ions attracted to the grid, electrons 

1 Snoddy, L. B., Physics. 4, 366 (1933). 

2 French, H. W., J, Franklin Inst, 221, 83 (1936). 



Sec. 12-21] OLOW- AND ARC-DISCHARGE TUBES AND CIRCUITS 469 


emitted by the grid, capacitance between the grid and other electrodes, 
and internal or external leakage between the grid and other electrodes. 
Electron flow from cathode to grid is obtained only when the grid is 
positive or insufficiently negative to counteract the initial velocities of 
electrons emitted by the cathode. When the grid is negative, the grid 
current results both from positive ions drawn to the grid and from elec¬ 
trons emitted by the grid as the result of emitting material deposited 
upon the grid. The closer the grid is to the cathode, the greater is the 
amount of emitting material that is condensed upon the grid, and the 
higher is the grid temperature during operation. The grid current 
resulting from grid emission therefore increases 
with decrease of spacing between the grid and 
the cathode. It also increases with the grid 
surface available for the depositing of emitting 
material and for subsequent electron emission. 

Because positive-ion bombardment tends to 
remove active material deposited upon the grid, 
grid emission is less with tubes designed to 
operate with a negative grid.^ Current caused 
by capacitance between the grid and other 
electrodes increases with decrease of electrode 
separation. 

12-21. Electrode Structure and Character¬ 
istics of Thyratrons. —In most applications in 
which thyratrons are operated with direct anode 
voltage, or in which the frequency of the alter¬ 
nating voltage is high, it is necessary to use 
tubes that deionize as rapidly as possible. 

Figure 12-24 shows the construction of a typical tube of this type, the 
FG-67. Rapid deionization is achieved by the use of close spacing and 
small volume between the grid “ baffleand the anode and cathode, small 
distance between the back of the anode and the glass bulb, close spacing 
between the glass bulb and the upper part of the grid cylinder, and small 
holes in the grid baffle. The rated deionization time of the FG-67 
thyratron is 100 jusec. The grid-control characteristics are shown in Big. 
12-25. Because of the high shielding by the grid and the closeness of the 
grid to the cathode, the grid current previous to breakdown is high, and 
the tube is not suitable for use in circuits in which the grid current must 
flow through a high resistance. 

In three-electrode thyratrons designed for control circuits with high 
grid-circuit resistance the grid current is kept small by the use of adequate 
spacing between electrodes; by designing and placing the grid so as to 

1 Morack, M. M., Qen. Elec, Rev,, 37, 288 (1934). 



Fig. 12-24.—Electrode 
struct tiro of the type FG-67 
thyratron. 
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reduce the depositing of emitting material evaporated Irom the cathode, 
as well as heating of the grid by the cathode; and by making the shielding 



Fig. 12-25. —Grid-control characteristics of the type FG-67 tJiynitron. (From data ohtaifual 
by Robert Gibson for master's thesis^ University of fllinois, June, 11)40.) 



Fig. 12-26.—Electrode structure 
of the type FG-57 negative-grid 
thyratron. 



Fig. 12-27.—Grid-control (;hara<d.eriHticH of tlie 
ty^oo FG-57 thyratron. 


action of tho grid small enough so that a negative voltage xnuHt b (3 used 
on the grid to prevent firing. Figure 12-26 shows the electrode structure 
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of a typical heater-cathode thyratron triode of the negative-grid type, 
the FG-57. The grid-control characteristics of this tube are shown in 
Fig. 12-27. The rated deionization time is 1000 ^^sec. 

In some control circuits it is advantageous or necessary to use a tube 
in which a positive grid voltage is required to start the arc. Positive grid 
control can be attained at the expense of increased grid current by making 
the shielding action of the grid so effective that the field from the anode 
cannot penetrate to the cathode. This is accomplished by the use of 
three baffles in the grid structure, in place of the single baffle used in nega- 



Fia. 12-28.—Electrode wtruc- 
ture of the typo FG-33 powiiive- 
grid thyratron. 
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tive-grid tubes. The holes in the grid baffles are also much smaller than 

the single hole used in the grids of negative-grid tubes. Figures 12-28 
and 12-29 show the electrode structure and grid-control characteristics 
of the type FG-33 positive-grid thyratron, which has a rated deionization 
time of 1000 yasec. 

Even with the most cai-eful design, the grid cuiTent of three-electrode 
thyratrons previous to firing may be so great as to give difficulty when 
the grid circuit contains very high resistance. Furthermore, the changes 
in grid current as the tube warms up or ages may necessitate frequent 
readjustment ot the circuit constants or voltages. These difficulties 
may be avoided by the addition of a fourth electrode, which acts as a 
shield. 1 

iLivincsston, 0. W., and Maser, H. T., Electronics, April, 1934, p. H4; Jacobi, 
W., and Knibpkamb, H., E.T.Z., 68, 1233 (1937). 
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The construction of a typical shield-gnd thyratron, the FG-98, is 
«hown in Fig. 12-30. In this tube the shield grid consists of a structure 
intermediate in form between the grids of negative- and positive-grid 
three-electrode thyratrons, two baffles being used. Ihe control gii^l 
consists of a short cyhnder whose diameter is somewhat larger than the 
holes in the grid baffles, and the grid is placed between the two baffles. 
It can be seen that the form and position of the control grid are such as to 
prevent the depositing of appreciable amounts of emitting material froiu 
the cathode or the absorption of much heat radiated by the cathode or the 
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Fig. 12-30.—Electrode structure of the type I'G-OS shield-grid thyratron. 


anode. Moreover, this grid is out of the direct path of the arc, so that 
the grid current when the tube conducts is also reduced, and the grid 
receives little heat from the arc. The small si^^e of the control grid 
minimizes the grid current resulting from electrons or ions drawn to tli€% 
grid or reaching the grid from the cathode as the result of initial velocitieB. 
The small size of the grid and the grid lead, in conjiiiKdion with 
shielding afforded by the shield grid, also results in low caiiaeitaiice 
between the grid and the anode and cathode. The short and direct grid 
lead minimizes both the internal and the external leakage. 

Another very important advantage of the shield-grid thyratron is 
that the tube can be made to have either positive or negative control 
characteristics by adjusting the voltage of the shield grid. This is 
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indicated by the characteristics of the type FG-95 thyratron, shown in 
Fig. 12-31. The shield also makes it possible to adjust the tube charac¬ 
teristics in replacing tubes in circuits that are susceptible to changes in 
characteristics. 

It is of interest to note that the design of the grids in the tubes illus¬ 
trated in Figs. 12-24, 12-26, 12-28, and 12-30 is such as to shield the other 
electrodes from charges that collect on the inner surface of the glass 
envelope. If this were not so, the control action would be erratic. 
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Fig. 12-31.—Grid-ijontrol characteristics of the type FG-95 shieki-grid thyratrori. 


It can be seen from the grid-control characteristics of Figs. 12-26, 
12-27, 12-29, and 12-31 that the thyratron, unlike the grid-glow tube, 
has a high grid-control ratio. A grid voltage of only a few volts suffices 
to prevent starting of the arc when the anode voltage is as high as 
1000 volts. 

12-22. Comparison of Thyratrons and High-vacuum Tubes.— Thy- 
ratrons differ from high-vacuum tubes in more respects than they resemble 
them. The similarity consists mainly of the dependence of current in 
both types of tubes upon thermionic emission and upon movement of 
electrons from cathode to anode. The differences between the two types, 
in addition to those involving the structure of the electrodes and envelopes, 
the presence of gas or vapor and of positive ions in thyratrons, and the 
emission of light from thyratrons, are shown in Table 12-L 
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The high anode and emission efficiencies of hot-cathode arc tiilocs 
make possible the control of large currents and high powei by means of 
relatively small tubes. The FG-57 thyratron, for instance, has a maxi¬ 
mum average anode current rating of 2^ amp and a peak anode voltas^ 
rating of 1000 volts and can, therefore, control 2500 watts of power. 
This tube is only slightly larger than the type 50 high-vacuum triode, 

Table 12-1.—Comparison- op Thyratrons and liiGn-VAOUiTM Tubes 


Thyratron 

Grid loses control after the tube fires. 

Anode and grid currents are determined 
by the applied voltage and the circuit 
impedance. Circuit impedance is es¬ 
sential. 

Essentially a high-current, low-voltage 
tube. Because of low tube drop, anode- 
circuit efiiciencies may exceed 98 per 
cent. 

Anode voltage is constant after the tube 
fires. 

Cathode emission efficiency may be high. 

Cathode heating time is high in types 
using high-efficiency heater-type cath¬ 
odes. Tube heating time may also be 
high in mercury vapor tubes. 

Cathode may be damaged if operated at 
low temperature or if the anode current 
exceeds the thermionic emission current 
for any other reason. 

Characteristics of mercury vapor tubes 
are affected by tube temperature. 

Grid current flows even when the grid is 
negative. 

Deionization time limits frequency of 
operation to one-hundred thousand 
cycles or less. 

Arcback may occur. 


High-vacutim 

Grid has complete control of anode 
current. 

Anode and grid currents are determiiicHl 
by the electrode voltages. No circuit 
impedance needed to limit the (nirreiit. 

Essentially a low-current, high-voltap;<^ 
tube. Plate-circuit efficien(*.y ma,y ap¬ 
proach 85 per cent in chiss 0 opc^ration, 
but is usually less than 50 per (umt. 

Anode voltage may vary. 

Cathode emission efliei(m(‘y is relativcdy 
low. 

Except in largo power tulx^s, luxating time 
is short. 


Cathode temperature may h(‘ redue« 3 <l 
without damag(^ to t,ho tulie. The 
cathode is not ordinarily damaged hy 
currents exceeding rattal valu(3s. 

Oharactoristi(‘.H ar(‘. ind(‘.p(m(Umt of tiil>« 
temperature. 

Negligible grid current flows when the 
grid is mor(‘. than approximately i 
volt negative. 

The frequency of ojxu'ation may (^xeec^d 
1000 Me. 

Tiil>e conducts in on<> dircM^t ion oidy. 


which has a maximum operating plate current of 55 ma and a {Kivs-cr 
output that cannot exceed about 20 watts, even in (dasH (! opca-atiois. 
An important disadvantage of thyratrons over high-vacuum t riodcss and 
multi-grid tubes is the incompleteness of grid control, tlu; current after 
firing being determined by the applied voltage and the cui-cmit impedance. 

Hot-cathode arc tubes have been built in sizes ranging from !() wattn 
to 100 kw (load power). Current ratings range up to lOO-arnp avcu’apjti 
current, and voltage ratings up to 1500 volts. There is a corresponding 
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variation in tube structure and design, ranging from small glass-enclosed 
argon-filled tubes to large water-cooled metal-enclosed mercury vapor 
tubes. Operating data for typical thyratrons are listed on pages 686-687. 

12-23. Special Precautions in the Use of Arc Tubes. —Before pro¬ 
ceeding to a discussion of circuits for hot-cathode arc tubes it seems 
advisable to list special precautions that must be observed in the use of 
these tubes. The}?' are as follows: 

1. The cathode should be brought to normal operating temperature before 
anode voltage is applied. Failure to observe this precaution results in excessive 
cathode drop and in cathode disintegration. 

2. Mercury vapor tubes should be heated for a sufficient time to allow the 
vapor pressure to assume its normal value. Greater heating time is required 
if the mercury has been scattered about the tube walls and electrodes than is 
otherwise needed. 

3. Enough anode im[)e(Iance must be used to limit the maximum instantaneous 
and average anode currents to their rated values. Failure to observe this pre¬ 
caution results in cathode disintegration and overheating of the anode. 

4. Sufficient resistance must be used in the grid circuit to limit the maximum 
instantaneous and average grid currents to their rated values. Excessive grid 
current may cause damage because of heating of the grid or the grid-lead wires. 
If the grid resistance is omitted and an arc forms to the grid, the current inay rise 
to such a high value that the grid wires may melt or the heating of the grid lead 
shatter the seal and allow air to enter the tube. 

5. The use of fuses in series with the anode and grid voltage supplies is 
advisable. 

12-24. Applications of Hot-cathode Arc-discharge Tubes. —Applica¬ 
tions of hot-cathode arc tubes incdudc light production, rectification, 
current and power control, oscillation (inversion), commutation, and 
amplification. Some of these ai)plioations will be discussed in the follow¬ 
ing sections. 

Hot-cathode Arc Tube as a Light Source. —The use of arcs as light 
sources was one of the early practical applications of electricity. Arc- 
discharge tubes such as the mercury vapor and sodium vapor lamps are 
efficient sources of light, for they have the advantage of producing visible 
radiation in the manner of the glow tube and have a much smaller voltage 
drop.^ Recently the fluorescent vapor lamp has taken its place among 
practical high-efficiency light sources. Except during starting, the 
filamentary cathodes in this type of tube are heated by positive-ion 
bombardment. The light emanates mainly from a fluorescent coating 
on the inner surface of the glass tube, a great variety of colors being 
obtained by the use of different fluorescent materials. For details of 

^ Bushman, S., Elec, Eng.j 63, 1283 (1934), 
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the design and operation of arc lamps the reader will find it instructive 
to refer to the technical literature on the subject.^ 

Thyratrons may be used as a stroboscopic light source. Usually, 
however, the production of light of sufficient intensity for the observation 
of rapidly moving objects requires such high 
values of peak current that cold-cathode tubes 
stand up better. A second advantage of cold- 
cathode arc tubes for this purpose is the more 
rapid deionization, which makes possible a light 
flash of extremely short duration. Stroboscopes 
will, therefore, be discussed in a later section 
dealing with cold-cathode arc tubes. 

12-26. Hot-cathode Arc Diode as a Rectifier. 
Like its high-vacuum counterpart, the hot- 
cathode arc tube is essentially a rectifier. At 
voltages for which the tube is designed, current 
flows in only one direction. There are, however, 
two essential differences, which have been noted 
before. The tube voltage drop is only from 10 to 
20 volts, and the voltage is almost independent of 
the current passed by the tube. Hence the arc 
tube acts like a switch of zero resistance in series 
with a counter-e.m.f. of from 10 to 20 volts. 
Figure 12-32 shows the construction of the type 
FG-166 phanatron. 

Rectifier circuits using hot-oathode arc tubes 
are the same as those using high-vacuum tubes, 
but provision must be made to ensure that the 
tube is brought to rated temperature before the 
anode voltage is applied. The advantages of arc 
tubes over high-vacuum tubes in rectification 
will be discussed in Sec. 14-3 (see also Sec. 12-22). 
Circuits and filters for rectifiers will be taken up 
in Chap. 14. 

12-26. Arc Tube as a Control Device. D-c Operation.— Since the 
tube drop in an arc-discharge tube is practically independent of anode 
current and the anode current is unaffected by grid voltage, the tube is 
equivalent, so far as its action in a d-c circuit is concerned, to a switch in 
series with a counter-e.m.f. equal to the tube drop E^. It is convenient 
in the analysis of some d-c thyratron circuits to use an equivalent circuit 

iMailey, R. D., Elec. Eng., 63, 1446 (1934); Btjttolph, L. J., Eke. Eng., 66, 
1174 (1936); McKenna, A.. B., Elec. J., 33, 439 (1936); Hawkins, L. A., Tram. Am. 
Illuminating Eng. Soc., 32, 95 (1937). 



Fig. 12-32.—Cut-away 
view of the type FG-166 
phanatron rectifier. 
{Courtesy of General Electric 
Co.) 
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in which the tube is replaced by a switch and a battery of zero resistance 
and of such polarity as to oppose the flow of anode current. In most 
applications of thyratrons to the control of direct current and power it is 
essential not only to control the firing of the tube but also to stop the 
anode current at a subsequent time. Since the grid usually has little 
or no effect upon the anode current after the tube fires, it is necessary to 
find some other means of stopping the current. The simplest method 
is, of course, to open the circuit, but this is usually not feasible, especially 
when the anode current is large. Furthermore, convenience and flexi¬ 
bility of control demand that the current should be interrupted by elec¬ 
trical, rather than mechanical, means. Four circuits, called the parallel, 
series, relaxation, and counter-e,m,f. circuits, have been devised for this 
purpose. 

12-27. Parallel Control.—The basic 

parallel circuit for the control of direct cur¬ 
rent is shown in Fig. 12-33.^ Closing switch 
Si reduces the negative bias on the grid (or 
applies a positive bias) and causes the tube 
to fire. The grid no longer has control, and 
the switch Si may be opened without affect¬ 
ing the anode current. The potential drop 
across the load Rl charges the condenser C through Ra to a voltage equal 
to the supply voltage less the tube drop. The polarity is such that termi¬ 
nal b of the condenser is positive relative to terminal a. If the switch S^ is 
closed, the positive terminal b of the condenser is connected to the cathode, 
and, since the negative terminal is already connected to the anode, the 
anode is made negative with respect to the cathode. The arc current 
stops, but the voltage Edc, added to that across C, causes current to con¬ 
tinue flowing through Rl. This current discharges C and charges it in 
opposite polarity. As the condenser charges, the anode voltage rises. If 
the grid is negative and the tube deionizes so rapidly that the anode volt¬ 
age never becomes equal to the tube reignition voltage (see Sec. 11-22), 
the arc stays out and the grid regains control. This is usually expressed 
somewhat less precisely by stating that the grid regains control if the 
deionization time is shorter than the time required for the anode voltage 
to reach the value corresponding to the normal tube drop. The rate of 
rise of anode voltage decreases with increase of condenser capacitance 
and of load resistance. The rapidity of deionization, on the other hand, 
decreases with increase of load current. The capacitance necessary to 
ensure that the grid shall regain control therefore increases with load 
current. The purpose of the resistance Ra is to prevent a short circuit 
of the battery when S 2 is closed. 

1 Hull, A. W., Gen. Elec.. Rev., 32, 390 (1929). 



Fig. 12-33.—Basic parallel d-c 
control circuit. 
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A modification of the circuit of Fig. 12-33 that is occasionally useful 
is obtained by replacing S 2 with a glow-discharge tube4 The voltage 
drop through Rs falls with the charging current of the condenser, and 
the voltage applied to the glow tube goes up. The glow tube fires when 
its voltage becomes equal to its ignition voltage. Firing of the glow 
tube is equivalent to closing So] but, because of the voltage drop through 
the glow tube, the negative voltage applied to the anode of the thyratron 
is less than when the switch is used. For this reason the modified circuit 
requires higher supply voltage and greater capacitance than the basic 
circuit. The applied voltage must be at least as great as the ignition 


C 


Control 

voltage 



Cl C2 




Fig. 12-34.—Three forms of the parallel d-c eotitrol circuil. 


voltage of the glow tube, and the difference between the ignition and 
extinction voltages of the glow tube should preferably be Jarge. li, 
must be high enough so that the glow tube does not conduct, steadily, 
but oscillates. The anode current is extinguished the first time the glow 
tube fires after the thyratron grid is made negative. 

A much more useful circuit is obtained by replacing in Pig. 12-33 
by a second thyratron, as shown in Fig. 12-34a.^ When either tube is 
conducting, the condenser charges to such polarity that the ttuminal 
connected to the anode of that tube is negative with respect to the other 
terminal. Firing of the other tube by a positive grid impulse applies a 
negative voltage to the anode of the first tube, causing it to be extin¬ 
guished. Similar action is obtained if the resistors arc adjacent to the 

1 Reich, H. J., Electronics, December, 1931, p. 240. 

2 Huli., a. W., Oen. Elec. Rev., 32, 399 (1929), 
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cathodes and the condenser is connected between the cathodes, as in 
Fig. 12-346. 

A somewhat different form of parallel circuit is that of Fig. 12-34c.^ 
The action of this circuit is as follows: Assume that tube 1 is conducting. 
The condenser Ci charges to a voltage equal to the applied voltage less 
the tube drop, the condenser terminal adjacent to the anode being nega¬ 
tive. Prior to the firing of tube 2 there is no voltage across C%. Since 
C 2 cannot charge instantaneously, the 
firing of tube 2 reduces the voltage Vah 
between a and 6 to the tube drop of tube 
2, or approximately 15 volts. (Ihe Confro! 
remainder of the line voltage is taken up 
by the inductance L.) The anode volt¬ 
age of tube 1 is therefore made negative 3?io- 12 - 35 . — Basic series control 
by an amount equal to the diffei’ence cuomt. 

between the voltage of Ci and the voltage Vah, or to the supply voltage 
less twice the tube voltage drop. If the deionizing time is less than the 
time taken for the condenser Ci to discharge through Bi, and for C 2 to 
charge to such voltages that the anode voltage of tube 1 exceeds the 
ionization potential, the grid of tube 1 will regain control. The resist¬ 
ances and condensers may also be adjacent to the cathodes, instead of to 
the anodes (see Fig. 12-68). 

The firing impulses may be applied to the grids directly, as in Fig. 
12-34, through one or more transformers, or through resistance-condenser 
networks. Examples of these circuits will be shown. The circuits of 
Fig. 12-34 are the basis of the parallel inverter, several high-speed count¬ 
ing circuits, and otlier interesting and useful devices, which will be dis¬ 
cussed in later sections. 

12-28. Series Control. —In. the series type of control circuit, a con¬ 
denser (or a condenser and an inductance) is connected in series with the 
load and the anode, as shown in Fig. 12-35.^ Before the tube fires, the 
anode circuit is made up of L, C, B, and Cpk, the anode-to-cathode 
capacitance of the tube. Because Cpk is very much, smaller than C, 
practically the entire applied voltage appears across Cph. A control 
impulse applied to the grid will cause the tube to fire. Current can 
flow, however, only while C chai’ges. Since the tribe passes current in 
only one direction, anode current ceases as soon as the condenser is fully 
charged. The tube cannot be fired again until the charged condenser 
has been discharged. The presence of inductance in series with the 
condenser causes the condenser to charge to a voltage which, if the 
load resistance R is small, is nearly equal to twice the applied voltage 

1 Hbeskini), C. C., Elec. Eng., 63, 926 (1934); 66, 1372 (1937). 

^ Hull, op. cU., p. 390. 
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minus the tube voltage drop.^ If the load resistance is high, on the 
other hand, the condenser charges to approximately the applied voltage 
minus the tube drop. The condenser may be discharged through a 
second thyratron, as in Fig. 12-36. 

If the second thyratron of Fig. 12-36 should fire before current 
has ceased flowing in the first one, a short circuit would result, and the 
tubes would be subjected to destructive currents. The likelihood of this 
difficulty is reduced by the use of a center-tapped inductance, as in 
Fig. 12-37. When tube 2 fires, current starts flowing from c to 6. A 
voltage is induced between c and b which is of such polarity as to tend 
to prevent this flow of current. Since the two halves of the transformer 
are wound in the same direction, an equal voltage is induced between 
a and 6, a being negative relative to b. A voltage of opposite polarity 




Fig. 12-36.—Series control circuit. Fig, 12-37.—Series control circuit with 

center-tapped commutating inductance. 

is also induced between a and b by the decay of current through tube 1, 
but this becomes smaller as the condenser approaches maximum voltage. 
Therefore, if tube 2 fires when the condenser is nearly charged to maxi¬ 
mum voltage, both the net induced voltage between a and h and the 
condenser voltage are in the direction to make the anode of tube 1 
negative and extinguish this tube. 

The circuits of Figs. 12-35 to 12-37 differ from those of Figs. 12-33 
and 12-34 in that current flows in the former only during the charging 
and discharging of the condensers. They are the basis of the series 
inverter, counting circuits, and other devices. 

12-29. Relaxation Control.—The third, or relaxation, method of 
interrupting the anode current electrically makes use of a series combina¬ 
tion of inductance and capacitance shunted across the tube, as in B’ig. 
12-38.^ The action of the circuit is most readily explained with the aid 
of equivalent circuits of the type discussed in Sec. 12-26. Before the 

1 Pierce, G. W., “Electric Oscillations and Electric Waves,” Chap. II, McGraw- 
HiE Book Company, Inc., New York, 1920; Kurtz, E. B., and Corcoran, G. P., 
“Electric Transients,” pp. 42-44, John Wiley & Sons, Inc., New York, 1935; Skiiu^- 
iNG, H H., “Transient Electric Currents,” pp. 93-98, McGraw-Hill Book Company, 
Inc., New York, 1937. 

“Reich, H. J., Rev. Sci. Instruments, 4,147 (1933); Elec. Eng., 62, 817 (1933). 
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tube fires, the equivalent circuit is that of Fig. 12-39a. The condenser 
charges through the load and the inductance Li. If the ratio of induct¬ 
ance to resistance in the circuit is high and the condenser is initially 
uncharged, the condenser may charge nearly sinusoidally to a maximum 
voltage only slightly less than twice the applied direct voltage.^ If the 
ratio of inductance to resistance is small, on the other hand, the condenser 
charges exponentially toward a value equal to the applied voltage. 
Whether or not the condenser actually attains maximum voltage depends 
upon the firing voltage of the tube. 

The equivalent circuit during the time in which the tube conducts 
is that of Fig. 12-396. Because the tube voltage drop is practically 
constant in the operating range of anode current, the load current II 
and the condenser current h are independent of each other. At the 



Fuk 12-38.—Holaxatiou eon- Fig. 12-39.—Equivalent circuits for the relaxation 

trol circuit, control circuit of Fig, 12-38; (a) before the tube fires; (6) 

while the tube is conducting. 

instant of firing, 1l and 1% are equal and may be either positive, zero, or 
negative, depending upon whether the tube fires before the condenser 
voltage reaches its maximum value, at the instant of maximum condenser 
voltage, or after the time of maximum condenser voltage. After the 
tube fires, the load current increases exponentially toward the value 
{Edo - Ba)/IiL where Edc is the applied direct voltage,' Ea is the tube 
voltage drop, and Rl is the d-c resistance of the load. The wave of 
condenser current in the equivalent circuit is a damped sine wave. The 
condenser current does not stop when the condenser voltage has fallen to 
zero but, because of voltage induced in the inductance Li, continues 
to flow until the condenser is charged in the opposite direction to a 
voltage which is slightly less than Eo — Ea, where Eo is the condenser 
voltage at the instant of firing. The condenser current then reverses and 
charges the condenser in the initially positive direction. The curves 
of load current, condenser current, and condenser voltage that would 
be obtained if the tube were in every respect equivalent to a 


1 See footnote ^ p- 480. 
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,^'ConQ/enser volfoi^e 


switch and connter-e.m.f. and could pass .current in the reverse direction, 
are plotted in Fig. 12-40.^ 

Actually, at some time U shortly after the condenser current has 
-^ 1 x 0 reverse condenser current becomes eQual to the load cui'rcnt. 
At this instant the anode current is zero, and the tube goes out. As 
soon as anode current stops flowing, the anode voltage becomes nearly 
equal to the condenser voltage,^ which is negative at the instant of 
extinction. After extinction, the condenser begins to discharge through 
the d-c supply and subsequently charges to a positive voltage, in a 

manner determined by the constants of 
the circuit of Fig. 12-39a. If the time 
taken for the condenser voltage to reach 
a positive value equal to the ionization 
potential exceeds the deionization time of 
the tube, the grid will rc^gain control. 

In order that it shall be possible for the 
negative condenser current to become 
' T/me-^ equal to the supply (nirrcnt and thus make 
^Conc/enser currenili the net anode Current zero, the rate at 

a which the condenser current increaseB 

^Tube current i^xist be greater than that at which the 

__ supply current increases. Tliis necessi¬ 
tates high Cl/Ll and Li/Itx ratios and 
high load inductance or resistance. The 
allowable Ci/Li ratio is limited, however, 
by the rated maxiinuni instantaneous 
anode current. For a high Li/Ri ratio the peak anode current is a|:)proxi- 
mately equal to Vi VClTii, where Vi is the ignition voltage.^ A high 
Li/Ri ratio may be obtained by the use of an air-core coil wound with 
heavy wire and having optimum inductance shape. ^ Suitable values of 
Li and Ri are 1.5 mh and 0.15 ohm, respectively. 

Because the condenser voltage is negative at the instant of extinction, 
the maximum positive voltage to which it can charge is greater tlian it 
was during the first charging from zero initial voltage. If tlics grid bias 
is insufficient to prevent the tube from firing at tlic niaximum volt.age to 
which the condenser can charge from zero initial voltage, relaxation oscilla^ 
tions will occur, the condenser periodically charging from th(^, supi)ly and 
discharging to a negative voltage through tlu^ induct ances Li. Tlie load 



Time-* 

Fig. 12-40. —Curves of conden¬ 
ser current, load current, tube cur¬ 
rent, and condenser voltage in the 
pircuit of Fig. 12-395. 


^ See references in footnote \ p. 480. 

2 The voltage across Li is small, since Li is small 

3 PiEKCE, op. city p. 175 Kuetz and Corcoiian, op. cit, p. BKiuuNa, op, ell, 

p. 121. 

^Bkooks, M., and Turnee, IL M., Univ. III. Eng. Expt. Eta. Bail. 53„ 1012. 



Sec. 12-29] GLOW- AND ARC-DISCHARGE TUBES AND CIRCUITS 483 


current and the wave form and frequency of the condenser voltage 
depend upon the circuit constants and upon the firing voltage, which in 
turn depends upon the grid bias. The flow of current through the load 
can be interrupted by increasing the bias to a value sufficient to prevent 
the tube from firing. Because th^^atrons that have short deionization 
time oscillate even when the supply current is large, this makes a useful 
way of obtaining complete grid control of anode current in d-c operation 
when the periodic variation of load current is not objectionable. The 



^dc 


r'lG. 12-41.—Variant of the relaxation con¬ 
trol circuit of Fig. 12-38. 



Fig. 12-42.—Variant of the relaxation con¬ 
trol circuit of Fig. 12-38. 


circuit of Fig. 12-38 is the basis of the relaxation inverter, sweep circuits 
for cathode-ray oscillograph and television tubes, underload d-c circuit 
breakers, audio oscillators, and other devices. 

A variant of the circuit of Fig. 12-38 is shown in Fig. 12-41.^ In 
this circuit the condenser charges through the tube and discharges 


through the load. The action of the 
to charge to nearly twice line voltage, 
When the resulting reverse current 
becomes equal to the supply current 
througli the load, the net anode cur¬ 
rent is zero, and the tube goes out. 
Another modification of the circuit of 
Fig. 12-38 is that of Fig. 12-42, in 
which the condenser is shunted across 
the load tlirough a transformer.''^ It 
may be shown from transient theory 
that the coefficient of coupling between 


inductance causes the condenser 
after which it starts discharging. 



Fig. 12-43.—llelaxation circuit in 
which the application of a firing puls© 
causes a single cycle of condenser charg¬ 
ing and discharging. 


the primary and secondary of the transformer must exceed 70 per cent. 

la Fig. 12-43 is shown a form of the circuit of Fig. 12-38 in which 
the application of a voltage pulse to the grid circuit causes a single cycle 
of condenser discharge through the tube and recharge through the load. 
The voltage induced in Li during the discharge of Ci is applied to the grid 
through the condenser C 2 . Toward the end of the discharge the rate of 
change of current is negative and so the induced voltage is of such polarity 


1 Liyingston, 0. W., and Lord, H. W., Electronics, April, 1933, p. 96. 

2 ItKICII, loc. cit. 
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as to make the grid positive and thus cause the flow of electrons to the 
grid. After extinction these electrons are trapped on the grid and the 
condensers C 2 and C 3 , making the grid voltage highly negative. A 
positive pulse of voltage applied to the input reduces the negative grid 
voltage for an instant and allows the tube to fire. If desired, the con¬ 
denser Cz may be omitted and the tube fired by discharging C2 in any 
manner or by applying an impulse to the grid through a transformer in 

series with This circuit is useful 
in the production of voltage and cur¬ 
rent surges of various shapes.^ Tim 
wave form is dependent upon the por¬ 
tion of the circuit from which the 
voltage or current is taken and upon 
the circuit parameters. 

Fig. 12-44.—Basic counter-e.m.f. control 12-30. Counter-e.m.f. Control.— 

The anode current of an arc tube 
may be stopped by the insertion into the anode circuit of an e.m.f. of 
proper polarity to oppose the flow of anode current. If this counter- 
e.m.f. is greater than the supply voltage minus the tube drop and is 
maintained long enough for tube deionization, the anode current will 
be stopped and grid control reestablished. Thus, if the switch 8 of 
Fig. 12-44 is opened, the battery E is added to the anode circuit, and the 
arc may be extinguished. The resistance R prevents the counter-e.m.f. 
battery from being short-circuited when 8 is closed. Although the basic 


Looto! 



Fig. 12-45.—Practical form of the counter-e.m.f. control ciroiiit, 

circuit of Fig. 12-44 has no great practical value, the countcr-<i.m.f. 
principle is used in a number of applications of thyratrons discussed in 
later sections. 

By use of the circuit of Fig. 12-45, the counter-e.m.f. may be applied 
in the form of a pulse. A voltage impulse applied to the primary ter¬ 
minals of the transformer, of such polarity as to make the terminal c 
negative relative to the terminal d, may be used to stop the anrale cur¬ 
rent.^ Evidently the applied impulse must be of sufficient duration to 

i Reich, H. J., Mk. Eng., 66. 1314 (1936). 

* Willis, C. H., Gen. Elec. Rev., 36, 632 (1982). 
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FG“67 and FG-43 thyratrons and other types having equal or shorter 
deionizing time are suitable for this type of service. 

12-32, Applications of Basic D-c Control Circuits. —The modifications 
and applications of the basic d~c thyratron control circuits are too numer- 
ous to make it possible to include them all in this text.^ Because of their 
frequent use and because they emphasize fundamental principles, two 
thyratron applications that are based upon d-c control circuits will 
be discussed in detail. These are switching and counting circuits and 
oscillators. 

Parallel Switching Circuits. High-speed Counting Circuits, —The 

parallel type of d-c control circuit is essentially a trigger circuit, and as 
such may be used as an electronic switch. In the two-tube circuits of 



Pig. 12-47.—Scale-of-eight type of counting circuit. 


Fig. 12-34 the current of either tube may be used to operate electrical 
apparatus, or the voltage drop through the anode (or cathode) load 
resistors may be applied to the grids of other tubes. In conjunction 
with two high-vacuum amplifier tubes, which are alternately overbiaaed 
by the voltage drop through the anode resistors of the Bwitehing circuit, 
the thyratron switch has proved useful in the simultaneous oljservation 
of two voltages with a single cathode-ray oscillograph. This ap|)lication 
will be discussed in further detail in Sec. 15-22. The parallel switching 
circuit is also the basis of several high-speed counting circnits. 

The frequency at which a mechanical counter can respond is limited 
by the inertia of moving parts. For high-speed counting it is necessary 
to design circuits in which the relay operates once in a relatively large 
number of impulses. If a mechanical counter that is ca|)able of operating 
at a maximum frequency of 20 per second is called ui)on to count only 
each tenth impulse, for instance, the device will be eapal)le of count¬ 
ing a maximum of 200 impulses per second. Two interesting electron- 
tube counting circuits developed by Wynn-Williams*-* are l)aHed upon the 
parallel thyratron switch. A typical example of one of these, which is 

^ See, for instance, K. Hjsnney, Electron Tubes in Industry,’^ 2d od., Mc?Gmw- 
Hill Book Company, Inc,, New York, 1937; F. H. OtiLLmsuN, and E. II. Veoheii, 
^industrial Electronics,^’ John Wiley <& Sons, Inc., New York, 1935. 

2 Wynn-Williams, C. E., Proc, Roy. Soc, (London), 13S, 312 (1932), 
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charges C 3 so that the third impulse will again fire tube 1 and extinguish 
tube 3. As many tubes as desired may be connected in this manner. 
The counting relay is operated either directly by the anode current of one 
tube or by an auxiliary high-vacuum or arc tube Tr, which is controlleKi 
by the voltage drop in one of the cathode resistors of the ring circuit. 
The relaxation type of d-c control circuit makes a convenient means of 
interrupting the anode current of the auxiliary tube if an arc tube is 
used to operate the counting relay. This is shown in Fig. 12-48. When 
four or more tubes are used; the scale-of-eight circuit gives a higher 
counting ratio than the ring circuit and requires fewer voltage supplies. 
Counters based upon the series and relaxation d-c control circuits have 
also been devised.^ 

12-33. The Thyratron as an Oscillator.—Thyratron oscillators may 
be divided into two types: those designed primarily to furnish only 
voltage output, usually of saw-tooth or rectangular wave form, and those 
designed to convert large amounts of d-c power into a-c power. Arc- 
tube oscillators capable of converting appreciable d-c power into a-e 
power at commercial frequencies are called inverters. 

Saw-tooth-wave Generator.-—As generators of saw-tooth voltage 
waves, thyratrons have a number of advantages over glow tubes. 
Dependence of ignition voltage upon grid voltage makes posBible simple 
control of amplitude. Because of the amplifying property of the grid, 
smaller voltage is required to synchronize the oscillator to a control fre¬ 
quency, and there is less likelihood of distortion of the voltage wave than 
when the control voltage is introduced in series with a glow tube. The 
lower tube drop allows the use of smaller supply voltage and, in conjunc¬ 
tion with the use of negative grid bias to obtain high ignition voltage, 
results in large amplitude of oscillation. The high iristantaneous curriint 
that the tube will pass results in shorter discharge time than with glow 
tubes and makes possible the increase of amplitude of OHcillation by the 
use of inductance in series with the condenser. Shorter deionizing time 
allows oscillation to take place at much higher frequency. Finally, 
the presence of an ample supply of electrons at tlia cathode iiiakoH the 
ignition potential independent of cathode illumination and of eoHinic 
radiation and other random ionizing agents. The frequency is therefori* 
much more constant than with glow tubes. The dependence of firing 
voltage of mercury vapor tubes upon tube temperature makes it mlvb- 
able to use gas-filled tubes when frequency stability is important. 

The circuit of Fig. 12-38 oscillates when the grid voli.iigt^ is inwuffi- 
ciently negative (or too positive) to prevent the tube from firing at tin* 
maximum voltage to which the condenser charges. If the load cumKiHtu 
of resistance only, the condenser charges exponentially, and Um nnuknim^r 

^Loed, H. W., and Livingston, 0. W., Bketronka, Jimuary, 1§«14, p. 7. 
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i ..!<U .4 Ih.- f..rm sliowri in Fig. 12-49. Ikseaiwa of the ad,ion of the 
«h». rowletiwr dweliarge w nearly j^imwokW, and the 
roiiiien rt polnril.v reverwn .luring cliwharge. 'I’ll.* total change in 
fitiidtiiM'f 'i oh age in lippitixiniately ei)ual to twics the ignition voltage 
(imuij. the tulw drop, The imludance should Iw large enough to 
liinu the disi'hargi" rurrenl to tlie rati^l rttaxirmiiu inatiintaneous anode 
ininctd. Hv li»e nii'lluai iiwl to derive Kq, (12-2), the frequency of 

ill Im ii|i|irfiKimii,ii*ly 



11i# eirriiit when in ri^iliirpcl by a mmimm Ru the 

tM^tiiii^icir ii.i ihiil iif i|if» 

i«i*illiiifir of Fig. I24b llic? 
elfiiige ill viilingi^ h 

til llii! dlihmmm^ l'»i4w©t!fi ilm igniilcm 
ftucl vwliiigw^ iinil itie im- 

fur llni nf cimnllii* 

litiii y f»f 111# .miiii# fiirrti m K«|. Ci 2 « 2 ), rifii«iitbii «ii«iiiktor. 


If Hit twiiliwir# m n^pIatiMl by n vciliiig# iMintcMle otitratad, on the 
iiit |M,irliiiii Ilf ilit pliil# tltiifiia-loriiitki Iho eliiirgiiig atimiiit is iioarly 
riiiintiiiil, 1111*1 lli# tliiirgi^s prntlitiilly liritiirlyi ns in the glow- 


|,2#rd 


Time 

I'tfi. 12411 , Wttyii form of fcli® isoti- 
fkiiiwtr voliiigo III ihii of Ifii, 
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of oscillation or in designing an oscillator for a desired frequency range. 
As in glow-tube oscillators, very low frequency of oscillation may be 
attained by the use of large condensers. Because of the greater difference 
between ignition and extinction voltages, the condenser capacitance 
required for a given frequency is lower in the arc-tube oscillator than in 
the glow-tube oscillator. The maximum frequency of an arc-tube 
oscillator is determined in part by the deionization time. When the 
period of oscillation approaches the deionization time, the tube fails to 
extinguish. Frequencies of the order of 50 to 100 kc per second may be 
attained. 

In order to protect the tube against damage as tlie result of excessive 
peak current, resistance or inductance must be used in s(u-ies with the 


OJ/uf 


fa) 


(b) 



Fig. 12-50.—Thyratron relaxation oscillator circuits in wliicli the concloiiHer (sharping 
current is controlled (a) by a high resistance and (6) by a i)eutod©. 


tube. For a maximum condenser voltage of 300 volts, the type 884 tube 
requires a current-limiting resistance of 1000 ohms, or an inductance 
equal in henrys to the condenser capacitance in microfarads.* 

An arc-tube saw-tooth-wave generator may be readily stabilized 
at a frequency equal to, or nearly equal to, the natural freciuency of 
oscillation or a multiple thereof by introducing the control voltage 
into the grid circuit.** The control voltage varies the firing voltage at 
control frequency. The control action may bo explained by diagrams 
similar to those of Fig. 10-33, the control-voltage ripple being super¬ 
imposed upon the firing-voltage line Vi of Fig. 12-49, instead of upon the 
saw-tooth voltage as in Fig. 10-33. Although the oscillator can also be 
stabilized by a control voltage having a frequency that is a svibmultiple 

1 When a condenser of capacitance C, initially charged to a voltage Ba, is dis¬ 
charged through an inductance L, and the ratio of inductance to resiKtanec is high, the 
peak discharge current is approximately equal to Bo ■\/C]L. Thus, if the itidiictance 
in henrys is equal to the capacitance in microfarads, the peak current is approximately 
®o/1000 amp, which is the same as would he obtained it the condenser were dii». 
charged through a 1000-ohm resistance. 

»See, for instance, W. R. MaoLean, Comtmnications, March, 1948, p. 23. 
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1,1 liio friquc'Ht'v, lln> wtiHiriiMir in thfti amplit.ucle- 

rotiinil fn-nui'iii'v. 'I’h,- wav,- .if cuiitml v.iltuge Hhoiikl 
jiirii iuMv li.nr n Htirp wjiv.- irmi! fur iii-riirali- atabiliMition. 

i i),;i!u* ?<liuw>, n typiral rin-uit in wliirlj the clmrKing 

curri’iiS w ('umnillrd by n nwbtaii,',., hiuI i ig. one in vvliirh a 

jM'iil.wli- if lu rimlrul thi- rS.iirging fum-tif. /’, in I'ircuit h adjuntu 
Ihr l•}lll^KinK .nirn tif iiy varyitiK >bi' .'untrul-grid vullugn of tlit> pentode 
him! iIjuh «onlr,4« llir fnapirury. /'-j iidjiiHte flic KK! Iiins and thuK the 
ignition voiliiRe Hiino the iKiiition voltage affeetH hotli the amplitude 
aiid the fjn>n,ienev of weilhiti.m, i\ einmgif the aiiiplidi.le and fre.piene.v 
Kimultaiiwiuwiy. f*, variw the smi}tiitude .if the output voltage. The 
prineipid it|,},lirMti«iii cif thm lui.i aiinilar eirenitN i« in providing a linear 
lime Hxii* for esithwh’-niy oHriiiograplw. anil in televL'.ion “Heanning."* 
M.»*iilii'»tioii» of the rimiit of Fig. 12-a(> will Im< di.feii.'.Hed in Kec, 1&-20. 

An iim|iliiier trilM*, the plate eireuit of whieh eontains a relay, may 
b» diriMptly rotipled to a thyratrirn relasatioii .iwillntor in »neh a manner 
ftwt the iitn}ililier enrrent rij«» am! fall*, with tlie e{»ndetmer voltage. 
'I'he |M*rimlie e*inlnei.ir lliui. forme.! is more relialiie in opc'riition than the 
glow-tnlte eontaelor nieritioiMHl in Hee. 12-7. For wnne puriKiMw tiio 
relay may la? reptaeiHl by aii ihymtron (giw-tliMtihargi* tnln?), use 
Ixting made of the nbility of Ihe grid to interrupt amall anode eurreata. 
liueh a eireuit in ahown in Fig. IMF 

i2>34. Thyr«tr«a In»ert«r«.-“t'»*rtain |mibli*m« that iirwe in the 
dl..tribittion of kawl in a-e j.y«ienw ami in the int»?rc«)une{'tion of a-e 
ayalenw of different frequenei.?* or of a-e and »l-«? ayatema, can las solved 
by tlo’ iimy «»f grid-ecintrt»lle«l iwtifi.?r«’ to ronvert. from alternating enrronfc 
to direet eurrent iMwl of ihyriitron inverters to invert, from direet eiini'nt 
to idternaling eni rent.* The ii,**.* of tnlM> rvclifiem, d-e fiiw, and (hyratron 
inveiiem to inler.*oimi«?t a«c systems and to hsHl ii-e jHivver b» anliHtatiuiw 
wonlil eiuniiMiie tlo? tliffleuUiivi arising from Mynohronistafion atul {Ktwer 
fai'for. .Hiore the fttHnieney of the inverter output i« inde|M‘iideut of the 
geiieial.ir freijm*iiey, the maehitii^i at the generating ami reeeiving .‘tala 
.»f the line eouhl en* !. la* oj«?r»t«'.l at the mimt effleient freipmuey. Many 

s fill imimiwp, K, H. fpxm, .Mvllnwk atiit 

fiill "St-m lllill; V, Ii. iiiitl E, IK 

" iiiifi 1‘lirif Jfiliii Wil«\v k liM*,, Kt*w York, tlMIl; 
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problems involving hunting, transients, and other types of iiLstMl)ilit.y 
would also be solved in this manner. The use of direct curretit in place- 
of alternating current in the transmission of power has a number of 
advantages, the most obvious of which is that direct ciirrcvnt inx'ohu's 
only voltage and polarity, whereas alternating current involves 
frequency, phase, phase sequence, and power factor. From an (^‘onoinie 
point of view the advantage of d-c transmission a,risers from tlu- higlnu* 
voltage that can be used without danger oi corona, ddie maximum 
r-m-s alternating voltage that can be transmitted is less than the maxi¬ 
mum direct voltage because the crest voltage detcu’miiu^s tlie magiiii.udc^ 
of corona effects. Other advantages of d-c traiisrnission jire (dimination 
of dielectric losses and line reactance and reduction of insulation stix-ssc-s 
at a given effective voltage. Disadvantages of d-(‘, traaismission art- 
the greater likelihood of insulator flashover and resultant |)o\ver arc, and 
the greater difficulty of interrupting an arc wluvn it docs occur. 

Because direct voltage cannot be transformed, tin- i)ossil>irity of using 
direct current in distribution and high-voltages transmission is (-ontingent 
upon the development of reliable inverters for cluuiging high-voltag(» 
direct current into high-voltage alternating current of sat.isfmdorv \va\‘c 
form. Four types of single-phase inverters liavo Ixa'ii drwadoixxl, l>ascai 
upon the parallel, series, relaxation, and coiinter-e.m.f. cont rol (‘ir<-uits^ 


A-c 

oufpui 


Fig. 12-51.—Separately excited parallel 
inverter. 


Another field of application of inverters may (hwu'lojXHl in the- 
speed control of synchronous and induction motoi's. Since- the* frcMpu-ncv 

n -T-1 of fix; x,-(! Oiiipui, of l,h<' inverter is 

^oiisily coiitrolh'd l)y tlie ^rid (‘xeitii- 
I =L(- A (,ion, si)(i<'d eoid,r<d of motors eoii- 

%ccif~A I' *1“’^ niSnii* 'xxdKsl (,o the inverter nuvy thus htt 

r /S f ol)tnin(;d. 

f 12-36. The Parallel Inverter. 

L_—1-1 Th(! parallel t,yii(! of inverter is 

Fig. 12-51.— Separately excited i>araUel essentially till; parallel d-r (Mintrol 

cn-<uidu)i luK.12-34«, with tlie an(Hle 
resistors replaced by a center-tapped transformer.' In (ho simn],wf 
form of parallel inverter the grids art; excited iron, an exle.-nal .sounV. 
of voltage of desired frequency through a c(>nter-tu]>pod grid tran.s- 
former as in Fig. 12-51. Each tube comhict.s <luring on.-half of tl«. 
cyceo grid excitation voltage, (lonnmitation is oldaiiied l)v use of 
the commutating condenser C, a.s explained in Sec. 12-27. 'Fin- ouftmf 
voltage wave orm is dependent upon the n.itgnit.udc of the loml <■„ m 

.. 

■ p™., d. 0 ., ::r'" 
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true, the wave form of the output voltage is ap})roxiinatel 3 '' that of the 
condenser voltage. 

All examination of the operation of the parallel-inverter circuit hIiowh 
that the wave form across the condenser is essentially that across the 
condenser of the equivalent circuit of Fig. 12-52 ivheri the coinniutator 
is rotated at the freciuency of the invertor grid excitation. Ifence thc^ 



inverter wave form may be determined by analyzing tlie tramsieiits set 
up by the switching of the ec|uivalcnt cii’cnit. Typical wave forms aiv 
shown in Fig. 12-53.^ The wave form obtained in a particular circuit 
depends upon the values of commutating and load ca|)acitancc, corn- 
mutating and load inductance, and cir¬ 
cuit and load resistance. Waves of the 
forms of a and b are likely to be obtained 
with medium and heavy nonreactive 
loads. If the load is reactive or light, 
however, the condenser may charge 
nearly sinusoidally. If commutation 
then takes place at the instants when the 
condenser voltage is a maximum, the out¬ 
put voltage ai)proaches sinusoidal form, 
as in Fig. 12-536*. 

In the oscillograms of Fig. 12-53 the 
point X indicates the instant at which 
commutation takes place. At point F, 
where the condenser voltage i>s zero, the 
potentials of the anodes are equal. Beyond V tlie potential of 
nonconducting tube again becomes greater than the ionizing poten¬ 
tial. The tube must deionize in the interval between X and ]\ 
It is seen that the time available for deionization is short willi a 
large noninductive load. A study of the circuit shows that the vv>lt- 
age induced across one-half of the primary by the start of currcint in 

iTompkins, F. K., Trans. Am. Inst. Elec. Eng., 61, 707 (1932); ScnmLmo, W., 
Arch. Elektroteck, 27, 22 (1933); Run ge, I., and BncicENBACir, li., Z. tech. Ehysik 
14, 377 (1933); Wagner, C. F., Elec. Eng., 64, 1227 (1935), 66, 970 (1936). 
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the other half is in the direction to raise the anode voltage ot the tube 
being extinguished. Hence this factor enters into (he (l(4'(n*niination of 
the available deionizing time. A more com[)lete anatysis ot (annmutation 
in the parallel inverter indicates that the size ot tlu^ e.oiult^uscH- must be 
carefully determined. The type and magnitude oi i-lu^ loa,dj as well 
as the constants of the inverter circuit itself, must takx^n into con¬ 
sideration. The condenser must also be desigiuxl to withstand the 
transient voltages to which it is subjected. 

The grids of a parallel inverter may be excited trom tlu^ out|)ut or 
from the anode circuit of one of the tubes. Wluni tins is doiu', it is 
essential that the exciting voltage have tlie |)roper |)luise ndation 
to the output voltage. The phase of the grid \u)ltag'(‘ may bc^ con¬ 
trolled by means of combinations of capacitaiuai and r(‘sista,nce. Figure 

4-c Qufpid oufpi/I 




12-54 shows one form of self-excited circuitJ Tht‘ fiaMincmcy is con¬ 
trolled by the constants of the grid and anode circuits, dim frtaiuency 
varies with d-c line voltage and with load (mrrmd. ami \m\\vr fiictor. 
To prevent excessive frequency variation and to <‘nsure that, im^orrect 
phase relation between grid and output voltag(‘S will n(d. (*aus(‘ th(‘ <)i>(‘r- 
ation to become unstable and both tubes to (in‘ siiiiuHam^ously, (‘ousidcr- 
able care is necessary in the design of the grid (urcuit. 

A type of self-excited parallel inverter tlie ()|X‘rat ion of wlbudi <l(‘i)cnds 
upon grid rectification is shown in Fig. 12-55.“ Tin* aciiou is as follows: 
Assume that tube 1 is conducting. Then the a,node \’oltag(^ of tulx^ 2 is 
equal to d-c line voltage plus the voltage induced in oiu'-lialf of the 
transformer primary, and the condenser (L. cliarg<\s througli Ah and 
the giid of Ti to a voltage equal to the induced t ransforiiuu’ voltage Vt 
plus the voltage Vah between points a and b of t he vcflt ag<‘ divirha*. When 
tube 2 fires, the commutating condenser Fa (‘xtinguislu*s tube' 1. The 
firing of tube 2 lowers the voltage of its anodc^ to aluad. 15 volts, the 

^Bakee, W. 11. G., Fitzgeeald, A. S., and WanwEV, C, F., IChrinniirH, April, 
1931, p. 581. 

^Stansbury, C. C., Elec. Eng., 62, 190 (1933). 
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ncirri'uil tiiln^ dnifn niitl linrs iiiakc‘H \hv grid of I iH*gaiivi‘ by iiii 
iiinoiiiit i‘r|U«l to l!t«* vulfugi’ nf (5^ minus iht* arKniu volljigi* nf tubu 2, nr 
15 vnlts. As C'a disc‘hurgc‘s through /ifj, t!«* grid voltngr of lul«! 
I risers iinti! it horonu^s oqnul to titt* criliru! voltage*, fit wtiioli IuIh* I 
agiiiii tiros, and Itiht* 2 is ox!tnguisluHi,. Iiuisiinilar iiianii<i% tlHM‘(ni<loMSi‘r 
(*i ii|i|ilic*s a liogativo vtillago to tho grid (»f tulio 2 whon tube* I tiros, lla* 
friH'iuoiioy of osoillalion dt*|M*nils ni>on tho stra* tif tin* grid ooiidiUisors ami 



Wf f■ S 0 y I py t VO//€rf’l* 

Fhi, i2*511.' '' IVra'^raiiy'iO'* rtirvy?^ fr»r tt atvf*rft*r. Faa 12-57, ox* 

r<*HiHlors and ui'.ioii Iho si4 ting of tiio v-tdingo divitl«*r !\ Pa,ndlol iriV(*rtors 
hiiYO also h'Ooii dosigiaal that itri* hnsoil ufain \ ho of Fig, 12440^ 

Figure* !2«5d shows furvc‘s of <iut{nii V'tiIt4igo amt t'flioieau^y for a 
|>ariilh»l invorf.or o|H*rn,f1iig from a llfovoli il-o, Hupply/^ Hio hnv 
offioionoy is 'Oiitisod by tho ooitifnirnlivoty huuiII diroot. Hupply volfagt* and 



FitJ. 12-&'S,-'" H«4f-f*xt4tod »i»riw iwing two 'miiKkewfrt in tlio iiifiilkliiig O'irintlt, 

tho oorisoc|iioiii' high riitio of tho inl>o drop to tho supply voitiigo. liotli 
tho f»ffioioi:ic*y nrif! ttio oul|;iiit aro inc’reuiHod l>y raiHing thit dirooi voliiig'O, 

12-36* Serifs Inverter* ..-Ilio invmdt'ir m liasiHl tifioii tJio sorios 

d-o oirc’iiit. 'of l•lg. t2«^l7. 11n* out-put may lio takori fnmi a f'raiisformor 

witli a (*oiit-or«tiii»jiO'd primary., ootmt*oiod in plaO'O 'O'f the* f»otitord'jniiiod 
imimdmrKa* L of hlg. 1247* hut cmminutation is iifT(*oforl advornoly by 
tlio load hoofiiiHo of Itio roduot-iofi of olTootivi* I'uiiiiiiry itiilurt.aiioi*. A 
^ If mw It I NO, te, nf, 

* W* It. Cl-, iiiul CtoSiNraa*, J. L, Hirrimuirn, 'OoteilwT* 11131, p. 132, 
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better circuit is obtained by connecting the output transformer in series 
with the condenser, as shown in Fig. 12-57. lugures 12-58 and 12-59 
show circuits in which each tube simultaneously charges one condenser 
and discharges another.^ That of Fig. 12-58 is self-excited. 

The wave form of the output voltage of the senes inverter can bo 
predicted from an analysis of the equivalent circuit of Fig. 12-G0.“ When 



Fig. 12-59.—Separately excited series inverter uHinp; two coudenHcrH. 


the load is sufficiently great so that the exciting current of tlu^ transfornu'r 
is small in comparison with the load current, and the load is nonreaet.ive, 
the load voltage has the same wave form as the condenser current. If 
the inductance-to-resistance ratio is high, the condenser chargtw and 
discharges nearly sinusoidally. If commutation then occurs at the 
instants when the condenser voltage reaches 
crest value, the output voltage, will be a close 
approximation to a sine wave, as shown liy 
oscillogram a of Fig. 12-(il (traced from the 
screen of a cathode-ray oscillograph). In oriler 
to make this possilile, the design must Ix' such 
that the natural fnicpiency of oscillation of the 
series combination of (iomhmser, choke, and 
loaded transformer is eciual to t.lu? fnitpiency of 
the exciting voltage. The phase of tlio excit¬ 
ing voltage relative to the output voltage must also l)e suelr as to 
cause commutation to take place at the crests of condenser voltrige. 
The adjustment is critical, a small increase of elTective, inductance, 
such as results from a decrease in load, causing the cirtuiit to stop 
oscillating. A decrease in inductance or caimcitance, on tht^ other 
hand, makes the natural frequency of tlui circuit grtud-er tlinn the 
excitation frequency, and each tube stoi)s conducting before tln! other 
fires. The load voltage is then of the form shown by oseillograin b 



L 

Fig. 12-60.—Eqmvalont 
circuit of the series inverter 
of Fig. 12-57. 


1 Sabbah, C. a., Oen. Elec. Rev,, 34, 288, 580, 738 (1931) \ Moderm Radio, 

1933, p. 26. 

2 Mechanical inverters based upon tlie equivalent cireuitH of Fign. 12*52 aod I24i§ 
may be readily constructed. Particularly good rcHultB are olitainod with the m*riw 
type. See H. J. Reich, Electronics, September, 1933, p, 252. 
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of Fig, 12“r)L Thc^ rogolation, .stability, and output an^ hotter whm the 
condensta* ediarges aiul dischargers e^xponeaitialljy rather tluin situisoidally. 
d"lie <)ut|)ut voltag<’! t-hcMi luus a waveform 
similar te> one of ih(‘ osedllognuus <% e7, e)r 
c of Fig, 12-hL Osedllogntm c is for the 
circuit adjustiuernt that muke'S the con- 
elcmser cluirging iime^ eeiujd to half the 
erxeitatiou perioel. For tli<r aeljustmenl 
corrersponding ie) oscvillograin d t.he^ 
charging timer is lerss t han half Uu‘ erxeit a- 
tion peu’iod, wliere'iis, for oscillograiu c, 
thes time takem to (*harg{r tlur <a)nd(‘nser 
fully is greaterr than half the erxeitation 
])crio(L 

In Fig. 12-(>2 are^ shown eurv(\s of 
efficiency, freciueney, and alitu-naiing 
voltage for a H<4,f-(‘xcit:.<*d sendes invert-err 
similar to iliai of Fig, 12-58.^ The 
change of fnaiuerncy with load shown in 
Bdg. l2-h2 wotild he i)r(rv(mte(l hy the' use 
of external e^xedtat ion of lixeal fnajueiutv. 

By nuains of more* cu>m|>licat.eel inverters laiHed upon ilu* fmulamemtal 
seriexs edremiis it Is possihle* to obtain output voltage*, that is very nearly, 
sinusoida!. d'liis is aceomi)lislu»d hy the use of a large numbeu* of 
iulxw, which are^ fire*cl and cxtinguislu*d in pr(>j)cr seenu*nce^ so that the 



Fiu, 12*(U. Typimil weivo formn 
of tlui output voltago of tho wortoH 
iuvi^rt<vr hIiovvu in Mg. 12-57. 
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Fii}, 12-112,'—Fvrftjirinanfo ourvoM foranyrioH iovortor. 


lusultant wave is approxiinat'cly HinuHoidal, and of inductaiie‘.e to smooth 
it out.® 

^ Although. a,n infuiit.e f.irne is th(‘e)r<‘t. legally rf‘quire‘d t.o charge a conderwer C'xpo- 
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12-37. The Relaxation Inverter.—The relaxation inverter is based 



Conirol 

i/oJ-tage 


D~c supply 

Pig. 12-63.—Separately excited relaxation 
inverter. 


upon the relaxation d-c circuit of Fig. 12-38, the load usually being con¬ 
nected through an output transformer and the grid circuit being supplied 
with suitable excitation.^ The simplest type of separately excited circuit 
is that of Fig. 12-63. The a-c output may also be obtained by coupling 
to Li, or through a transformer in series with Li and Ci, but the resulting 

damping tends to prevent extinction 
of the arc and may stop oscillation 
at high load. The excitation fre¬ 
quency may be adjusted so that the 
circuit oscillates once or several times 
for each cycle of grid exciting voltage, 
a single oscillation per cycle giving 
the best wave form. The circuit 
may be made self-exciting by obtaining the grid excitation from the out¬ 
put or in a number of other ways, 

A reliable self-excited circuit is shown in Fig. 12-64. The action of 
this circuit is as follows: Assume that Ci is charged. When the tube 
fires, the condenser discharges through the tube, the inductance Li causing 
the condenser polarity to reverse and extinguishing the tube, in a manner 
explained in Sec. 12-29. The condenser-discharge current flowing 
through Li induces a voltage pulse in I /2 
which charges the grid condenser C 2 in 
the direction that makes the grid termi¬ 
nal negative. Because of the rectifying 
action of the grid, C 2 cannot discharge 
through the tube after the arc is ex¬ 
tinguished. It discharges relatively 
slowly through the grid resistor Rcj 
during the time that the condenser Ci is 
recharging from the d-c supply. Thus 
the negative grid voltage decreases (and 
may become positive) at the same time 



4-c 

oulpuf 


Cl *» 10 to 40fif 

In « 1.3 mh (Ri « D.13U) 

C 2 « 0.1 Mf 
Re * 60,00012 

Fro, 12-64.--.Solf-oxritod relaxatitjo 10 - 

vorter. 


that the anode voltage rises, and at some time in the cy(de the tube 
again fires, allowing the cycle to repeat. The frequency of <)H(dllatimi 
is readily changed by varying the grid resistor the coupling 
between Li and La, and the setting of the potcsntiomet.c'r P. It is 
also affected by the size of Ci and Ci, by the load, and by ilw 
direct voltage. Li may be omitted and Ci connected to the jiirudiou 
of Lx and Cx. Making the slider of the potentiometen- P more posi¬ 
tive increases the rate of change of grid voltage at the instant of firing 

1 Reich, H. J., Rev. Sci. Instruments, 3, 580 (1932); Rev. Set. InstrumenU, 4. 147 
(1933); jEws., 62, 817 (1933). 



Sec. 12-37] GLOW- AND AUC-DISCHARGE TUBES AND CIRCUITS 499 


and therefore improves the constancy of frequency. The potentiometer 
may be omitted and Rc connected to the positive side of the line. Li 
should have low a-c resistance and so should preferably not contain iron. 
Good results are obtained with an air-core coil having an inductance of 
about 1,5 mh and a resistance of 0.15 ohm or less. In order to supply 
sufficient voltage to the grid when air coupling is used, L 2 should have 
many more turns than Li. 

At a given frequency the wave form is affected by the circuit constants 
and by the load. The wave shape may be predicted from an analysis 
of the equivalent circuits of Fig. 12-39. If the ratio of the effective 
inductance to the effective resistance in the supply branch of the circuit 
is small, which is true under heavy nonreactive load when no inductance 



Lg is used in series with the d-c supply, the condenser Ci charges expo¬ 
nentially. The output voltage approximates saw-tooth form, as shown 
by the oscillogram of Fig. 12-65a. If the ratio of inductance to resistance 
is high, however, as may be true if inductance Lg is used in series with the 
d-c supply, the condenser charges very nearly sinusoidally. Then, if 
the tube fires at the peak of condenser voltage, the curve of charging 
current approximates a half of a sine wave. Under this condition the 
output voltage resembles a sine wave in form when the load is great 
enough so that the exciting current of the transformer is negligible. A 
typical oscillogram is shown in Fig. 12-656. Under light load the sec¬ 
ondary voltage is proportional to the rate of change of primary current, 
and the abrupt changes in rate of change of primary current when the 
tube fires distort the output voltage badly, as shown by the oscillogram 
of Fig. 12-650. 
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Curves of output voltage, power, and efficiency at 60 cps as a function 
of load current for the circuit of Fig. 12-64 are shown in Fig. 12-66. 
The maximum power output increases with frequency and is proportional 
to the square of the direct voltage. The curves of Fig. 12-66 were 
obtained without inductance in series with the primary of the output 
transformer. Some reduction in efficiency results from the use of addi¬ 
tional inductance, and the terminal voltage falls more rapidly at high 
load current. 

It is interesting to note that, if deionimtion is sufficiently rapid, the 
circuit of Fig. 12-38 will oscillate with arc tubes which do not have grids. 
The circuit is then essentially that of the Poulsen arc oscillator. Power 
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Fig. 12-66.—Performance curves for a self-excitod relaxation inverter iwing an FG-07 
thyratron and operated at 60 cps from a 120-v()lt d-c supply, 

may be taken either from a transformer in the supply circuit, as in Fig. 
12-63, or by coupling to the inductance Lu Difficulty is usually encoun¬ 
tered, however, because of the high deionization time of hot-cathode arc 
tubes that do not contain grids. A special type of tube luis been 
developed for this purpose by means of which outputs as higli as 500 
watts have been obtained at frequencies in the kilocycle range.' The 
tube contains inert gas at relatively high pressure. The rapid deioniza¬ 
tion that is obtained probably results from the close electrode siiacing 
used in this tube. Because of their short deionization time, mercury 
pool tubes may be successfully used in the relaxation inverter circuit, 
even when power is drawn from the condenser brancli.“ 

12-38. Counter-e.m.f. Inverter.—A fourth type of inverter is based 
upon the counter-e.m.f. d-c circuit of Fig. 12-4(). Figure 12-67 shows 
such an inverter. The commutating voltage impulses applied t.) tcr- 

* Miles, L. D., Eke. Eng., 64, 305 (1935). 

= Watanabe, Y., and Aoyama, R., J. Imt. Eke. Eng. Japan, 66. 98,3 (1936). 
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minals a-h must occur at the proper instants in the cycle of grid excitation. 
Both the commutating and the excitation voltages can be obtained 
from the a-c output. The circuit is in some respects similar to that 
of the parallel inverter. It becomes practically equivalent to the parallel 
inverter circuit when the commutating voltage 
is obtained from the charge and discharge of a 
condenser connected across the primary of the 
commutating transformer a-h. ^ This principle 
has been used in the development of d-c power 
transmission.^ 

12-39. D-c Transformer.—The problem of 
d-c power transmission has resulted in the 
development of d-c-transformer circuits which 
combine inverters with rectifiers. One type of 
circuit is shown in simplified form in Fig. 

12-68.® The tubes Tx and T 2 j together with 
the transformer, comprise an inverter of the 
parallel type based upon the circuit of Fig. 

12-34c. The discharge of the condensers Ci 
and Cs through the transformer primaries 
induces voltages in the secondaries which are rectified by the tubes 
and Ti. Tubes 3 and 4 are fired at, or shortly after, the times of extinc¬ 
tion of tubes 1 and 2, respectively. Adjustment of the firing times of 
tubes 3 and 4 relative to the firing times of tubes 1 and 2 controls the 

output current. The voltage output is deter¬ 
mined in part by the transformer turn ratio. 
The relaxation inverter circuit of Fig. 12-64 
may also serve as the basis of a d-c trans¬ 
former. If the ratio of the indxictance to the 
resistance in the supply l)rancli is high, the 
condenser Ci can cliarge to a maximum volt- 
age approximately equal to twice the line 
voltage the first time it charges. If the grid- 
circuit constants are chosen so that the tube 
fires when this maximum voltage is reached, 
the condenseu’ discharges to a negative voltage 
that is somewhat less than twice line voltage 
minus the tube drop. The second time the condenser charges from the 
line, it has this initial negative voltage and will charge to an equal positive 

1 WilxjIS, C. H., Trans. Am. Inst. Bleo. Eng.^ 62, 701 (1933). 

2 W 1 LI.IS, C. H., Bedford, B. D., and Elder, F. II., Elec. Eng,, 64, 882 (1935); 
EketronieSj February, 1935, p. 56. 

3 Herskind^ loc. ciL 



Fig. 12-68.—D-c trans- 
fonner based upon the i:)araUol 
inverter. 
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Fig. 12-67.—Separately ex¬ 
cited eountei'-e.m.f. inverter. 
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voltage plus approximately twice line voltage.^ If there were no losses 
in the circuit, the condenser voltage would increase by a little less than 
twice line voltage in each succeeding cycle until condenser or tube failure 
occurred. Because of losses, the increase of voltage becomes less each 
cycle until equilibrium is established, or until arcback occurs. The 
maximum voltage of Ci may without difficulty be made equal to five or 
six times line voltage. The addition of a second rectifier tube and a 
filter, as in Big. 12^69, gives a circuit that will supply direct current at a 
voltage several times the supply voltage. Such a d-c transformer, using 
an FG-67 tube and operating on a 110-volt d-c supply, will deliver 80 to 
100 ma at 400 volts. 

Other circuits have been devised for obtaining constant-potential 
direct current from constant-potential a-c or d-c supplies, and constant 

direct current from constant- 
potential alternating current.^ 
12-40. Problems of Inverter 
Design.—The power output and 
efficiency of inverters increase with 
the applied direct voltage. In 
the parallel, series, and relaxation 
inverters, the power output also 
goes up with the size of the com¬ 
mutating condensers. The diffi¬ 
culty of designing large high-voltage condensers of reasonable coat is 
one of the major problems encountered in inversion. The coimter-e.m.f. 
inverter does not require commutating condensers, but the magnitude of 
the commutating pulse must be increased with load. Other difficulticB 
encountered in the design of inverters are poor wave form, high voltage 
regulation, and the need of low-voltage heater power. ’ It is difficult to 
make 110-volt heaters, and they are correspondingly expensive. Low- 
voltage heaters may be heated initially by batteries, or from the d-c line 
through series resistance, and subsequently transferred to the a-c outinit 
of the inverter. Adequate protection must be provided to avoid damage 
to cathodes in case of failure of heater power or temporary interrii|)tion 
of d-c supply voltage and against high current Burges if the circuit 
stops oscillating. Difficulties involving heaters arc, of course, avoided 
by the use of igniter-type tubes, which will be discusscil in a later 
section. 

Since the time available for commutation is small, tul)es used in 
inverters must have short deionization time. Tlie FG-C)7 and FG-43 are 
among the tubes designed for inverter service. 



Fia. 12-69.—B-c transformer based upon tho 
relaxation invertor. 


^ See footnote ^, p. 480. 

2HEESKIND, C. C., Elec, Eng., 66, 1377 (1937), 
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12-41. Thyratron Motors.—^An interesting and useful application of 
counter-e.m.f. extinction of thyratrons is made in thyratron commuta¬ 
tion of motors. The counter-e.m.f. induced in the armature coils is 
used to extinguish the thyratrons and thus makes possible the use of 
tubes and a low-current, low-voltage, rotary grid distributor in place 


(oi) 


(b) 

Fig. 12-70.—Circuit of d-o thyratron motor: (a) anode circuit; (b) grid commutating 

circuit. 

of the usual commutator.^ Because the grid voltages and currents are 
small, sparking is avoided and insulation problems are simplified. 

Figure 12-70a is a siihplified diagram of the thyratron d-c shunt 
motor. The associated grid circuit is shown i!n Fig. 12-706. Assume 
that tube 1 conducts at such a time that the conductors of the armature 
coil 1' exert torque in the desired direction. As the machine rotates, a 
counter-e.m.f., the magnitude of which may approach the impressed 
voltage, is induced in the coil 1' and opposes the 
flow of current. The flux distribution of the air 
gap is designed so thatthe counter-e.m.f. generated 
in a coil is much larger under the trailing tip of 
the field pole than at any other point. When coil 
1' reaches the trailing pole tip, its counter-e.m.f. 
is greater than that of coil 2', and commutation of 
current from tube 1 to tube 2 results if the grid 12 - 71 .— starting 

voltages are correct. The position of the grid circuit for d-o thyratron 
commutator on the shaft must be such as to fire 
tube 2 at or shortly after the instant at which the counter-e.m.f. in coil 1' 
becomes greater than that in coil 2'. 

It will be noted that in the arrangement of Fig. 12-70 the armature 
coils are not prudently used, since each tube conducts only one-fourth 
of the time. Other circuits have been developed in which the coils are 
used more economically. It is also seen that commutation could not be 

1 Willis, C. H., Gen. Elec. Rev., 36, 76 (1933). See also W. M. Goodhue, Trans. 
Am. Jnst. Elec. Eng., 61. 714 (1932). 
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effective at low speed, since the counter-e-m.f. is veiy small. 1 “ 
this difficulty, parallel commutation is used in conjunction with tin, 
Lrtffig re toco, as shown in Fig. 12-71. Cutting out the rcsis ai ties 
too motor comes up to speed also short-circuit, the conimuUting 

““^Matrons are also used with an a-c supply to operate 

the tubes acting both as rectifieis and as a comniutator. ■ ‘hUU^ 

shows curves obtained from data taken on tests of a 4()()-hi), 230()-^ olt 
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Fig. 12-72.—Perfonnanco curves for 40()-hi)., 2:K)0-volt a-e tliyrai run 


motor with 18 12.5-amp (type FG-il8) thyratrons acding iw the com¬ 
mutator and as rectifiers of a three-phase a-c supply.* 1 lu; high efficiency 
power factor at light loads are of particulai iniiCi (*Ht. i he data 
for these curves were obtained by changing the poHition of the brunheH 
on the grid distributor, and thus the time in the cycle at which the Hdx*« 
fire. 

The advantages of the thyratron commutator arc* t wofold. 
the commiitatoi' is stationary, rather than rotating! hi c*oii\cntioiial 

machines, it is possible to commutate current in the coils regartllesH t»f 

1 Marti, O. K., Trans. Am. Insi. Elec. Eng., 61, (!50 (1932): Wii.i.ih, he. ril.; 
ScHBNKBL, M., and von Issendorp, J., Siemens 'A., 13, 2H9 (1933); HtIViih, M., 
EleUrotech. u. Maschinenhau, 61, 584 (1933); Alkxanuku.sun, K. I-’., nml Mittao, 
A. H., Elec. Eng., 63, 1517 (1934); 64, 750 (1935); Ai.kxanukuhom, M. Hiiwahb*, 
M. A., and Willis, C. H., Trans. Am. Insi. like. Eng., 67, 313 (1938); (Iahman, 
G. W., Trans. Am. Inst. Elec. Eng., 57, 335 (1938). 

2 Beiler, a. H., Trans. Am, Inst. Elec. Eng., 67, 19 (1938); mv iiln<> Eire, H m-ltl, 
July 6, 1935. 
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the motor speed. Secondly, by controlling the portion of the cycle 
during which the tubes conduct, a simple and efficient method is made 
available for changing the speed of the motor over wide limits. The first 
advantage permits the use of high-voltage stationary d-c armatures and 
results in increase of efficiency. (The field rotates, as in synchronous 
machines, connection being made through slip rings.) The ease with 
which speed can be controlled eliminates the UvSe of complicated systems 
of speed reduction. The speed is independent of supply frequency. 
The disadvantages, as determined from limited operating experience, are 
the high cost in comparison with other types of motors, the presumable 
fragility and lack of reliability of arc-discharge tubes as compared 
with other types of electrical and mechanical ecpiipment, the higher 
voltage for which the motor must be insulated to jH'otect against surges 
within the motor, and increased possibility of trouble because of tlie 
required auxiliary equipment. Just how important a place this type of 
motor will take among electrical machines is still to be determined. 

An interesting tube-controlled motor of the notched-rotor type used 
in electric clocks has been described by P. B. King, Jr.^ This motor 
has three field coils, two of which serve as driving coils and tlie other 
as a control coil for generating an exciting voltage which is applied to 
the grids. One form of the circuit uses a parallel inverter to supply 
power to the driving coils, the voltage induced in the grid coils serving 
to commutate the tubes. The speed is controlled by the capaxdtance 
of the commutating condenser. Other forms of the circuit, using high- 
vacuum tubes, have also been devised. 

12-42. The Use of Arc Tubes as Amplifiers. — IjOss of control of 
plate current by the grid prevents the use of ordinary tlvyratrons in 
amplifiers or feedback oscillators. Special tubes have l)een designed, 
however, in which the use of gas or vapor at relatively low pressure 
causes sufficient ionization to result in the partial nmitralization of 
electron space charge.This greatly reduces the voltage drop througli 
the tube without causing loss of grid control. The advantages of such 
a tube lie^ in the low anode voltage and the accompanying low plate 
resistance and high transconductancc, and in increased cathode efficiency. 
A seiious disadvantage is tlie flow of grid current at negative grid voltages. 
Tubes of this type have been successfully used in amplifiers and oscil¬ 
lators, both at audio and at radio frequency. 

12-43. A-c Operation of Thyratrons. Phase Control.— When a 
thyratron is operated on alternating voltage, the tube extinguishes near 

1 King, P. B., Jr., Electronics, January, 1936, p. 14. 

Nelson, J. R., and le Van, J. D., QS7\ June, 1935, p. 23; le Van, J. I)., and 
Weeks, P. T., Proc, LR.E,, 24, 180 (1936); Boumeestee, IL, and Drxiyvesteyn, 
M. IL, Philips Tech. Rev., 1, 367 (1936); see also (abstr.) Electronics, May, 1937, j). 66. 
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the end of the positive half cycle, and the grid regains control mthout the 
use of special circuits for interrupting the anode current. By contiol mg 
the time in the cycle at which the tube fires, the grid can vary the avetagc, 
anode current. This type of control may he attained by vaiying t le 
phase of the grid voltage with respect to the anode voltsige. 1 P' 
ciple of operation can be explained by the aid ol the diagrams of lug. 



grid voltage and anode voltage. 


12-73, which apply to resistance load. The solid curve Vp reprcHpntu 
the sinusoidal applied voltage in the anode circuit, which is eciual to the 
instantaneous anode voltage Cp up to the time of firing. The ofhec 
solid curve Vg represents the instantaneous apiilied voltage in the grid 
circuit. Under the assumption that no grid current flows [irevious to 
firing, the grid voltage eg is equal to Vg up to the instant of firing. The 
dotted curve indicates the critical grid voltage at vvhicli the UiIhs would 
fire at the instantaneous anode voltage given by the curve of Up. The 
1 Toulon, P., U. S. Patent 1654949. 
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critical“grid"Voltage curve can be derived from the grid-control charac¬ 
teristic by plotting values of critical grid voltage corresponding to tlnj 
anode voltage at various instants of the cycle. 

The tube fires at the instant in the cycle when the grid voltagxi 
becomes less negative (or more positive) than the critical grid voltage. 
The anode voltage then becomes equal to the normal tube drop and, 
with resistance load, the anode current rises abruptly to a values equal to 
the applied anode voltage less the tube drop, divided by the load resist¬ 
ance. Current continues to flow until the anode supply voltage falls 
below the ionization potential toward the end of the positive lialf cycles 
The wave of tube current during the conducting portion of the cycles has 
nearly the same shape as the wave of applied anode voltage. To avoid 
needless complication of the diagrams, the current wavers are not shown, 
but the portion of the cycle during which current flows is indicated by 
shading. The instant in the cycle at which the tube fires is detennincMl 
by the intersection of the applied-grid-voltage curve with the curv(i 
of critical grid voltage. Diagrams a, 6, c, and d correspond respectively 
to 0, 90, 150, and 180 degrees lag of grid voltage relative to anode voltage. 
Inspection of these diagrams shows that the instant of firing is retarded 
by increase of angle of lag 6 and that the portion of the cycle during which 
current flows is decreased, becoming zero when 0 is slightly less than 
180 degrees. The average anode current therefore decreases progres¬ 
sively with increase of angle of lag. 

The reader can readily show by means of similar diagrams that, if tlu^ 
grid excitation voltage leads the anode excitation voltage l)y any angles 
up to about 170 degrees, the tube fires as soon as tlio anode voltagts 
exceeds the ionization potential, near the beginning of the cycle. Since 
the grid has no control after the tube fires, current flows during practically 
the entire positive half cycle. Diagram e corresponds to a lOO-degrecs 
angle of lead. When the angle 6 approaches 180 degrees lead, however, a 
value is reached at which the grid voltage is more ntjgative (or Ic^ss posi¬ 
tive) than the critical value throughout the positive luilf cychu For 
values of 6 greater than this, no current flows. Thus a small change of & 
in the vicinity of 170 degrees lead causes an abrupt cliange of anode 
current from full average value to zero. This will be termed on-off 
control, in contrast to the gradual or progressive control obtained when 
the grid voltage lags the anode voltage. 

When the load contains inductance, the anode current wave differs 
in shape from that of the applied anode voltage. 'Fhe current rises 
gradually after firing and continues to flow after the anode siv|)ply voltage 
falls below the ionization potential, the shape of the wave depending 
upon the ratio of inductance to resistance in the load. The flow of 
anode current during a portion of the negative half cycle reduces the 
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time available for deionizatioa and may thus cause the grid to lose 
control. 

The critical grid voltage of a positive-grid tube such as the FG-SS is 
very nearly constant over the whole range of anode voltage, as can be 
seen from Fig. 12-29. Therefore, the critical-grid-voltage curve of such 
a tube is very nearly a horizontal straight line lying above the axis. 
The critical grid voltage of a negative-grid tube, such as the FG-57, on 
the other hand, varies considerably, as shown by Fig. 12-27. If the 
anode voltage amplitude is high, the critical-grid-voltage curve of a 
negative-grid tube is approximately sinusoidal except at the beginning 
and end of the half cycle. If the anode voltage amplitude is small, the 
nonlinearity of the grid-control characteristic causes the curve of critical 
grid voltage to depart markedly from sinusoidal form. Because a 
positive grid voltage is required to fire most negative-grid tubes at low 



Fig. 12-74.—Tlieoretical curve of average anode current as a function of the phane angle $ 
of the grid voltage relative to the anode voltage. 


anode voltage, the curve lies above the axis at the beginning and end 
of the half cycle, as in Fig. 12-73. 

If the amplitude of the impressed grid voltage is much greater than 
the maximum critical grid voltage, the curves intersect at a sharp 
angle, and the shape of the critical-grid-voltage curve has little effect 
upon the instant at which firing occuns at a given phase angle. When 
the grid-voltage amplitude is small, however, the average current at a 
given value of 6 is appreciably affected by the form of the grid-voltage 
curve. A series of diagrams for phase angles lying between 160 and 180 
degrees lag shows that one result of the rapid rise of critical grid voltage 
to positive values at small anode voltage is to prevent continiioiiB control 
at very low average anode current when the grid-voltage amplitude is 
small. The current decreases progressively with increase of phase angle 
down to a certain value and then falls abruptly to zero. Smooth control 
necessitates the use of adequate grid voltage. 

Figure 12-74 shows the manner in which the average anode current 
varies through a resistance load as the phase angle 6 is varied from 180 
degrees lag to 180 degrees lead. This diagram is derivcHl under the 
assumption that the amplitude of the applied grid voltage* greatly exceeds 
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the maximum critical grid voltage. The fairly wide range of phase 
angle in the vicinity of 180 degrees throughout which the anode current 
is zero results from failure of the tube to conduct at anode voltages lower 
than the ionization potential. Because of reduction of the fraction 
of the cycle during which the anode voltage is less than the ionization 
potential, the portion of the control characteristic of Fig. 12-74 over which 
the current is zero decreases with increase of anode voltage amplitude. 

A similar type of control is effected by keeping the phase of the grid 
voltage constant and varying the amplitude. If Vg lags Vp by slightly 
less than 180 degrees, as shown in Fig. 12-75, the variation of anode cur¬ 
rent is gradual. If the angle of lag is 180 degrees, on-off control is 
obtained. Phase control can also be used with tubes controlled by 
external grids ^ or magnetic fields^ or with 
the ignitron (see Sec. 12-59). 

The anode current can be varied 
gradually over a smaller range when 
alternating voltage is used in the anode 
circuit and direct voltage in the grid cir¬ 
cuit. If the grid voltage is insufficiently 
negative (or too positive) to prevent the 
tube from firing at the beginning of the 
cycle, anode current flows during nearly 
the whole positive half cycle. Increase of negative grid voltage (or 
decrease of positive voltage, in the case of a positive-grid tube) 
makes the tube fire later in the cycle. When the grid voltage is 
only slightly less than that required to prevent firing at the crest of 
the applied anode voltage, the tube conducts for approximately a quarter 
of the cycle. Further increase of negative grid voltage prevents the 
tube from firing at all. The current can be decreased continuously 
from a value corresponding to half-wave rectification to half this value. 
One disadvantage of this type of control is that small fluctuations of 
anode supply voltage or of grid voltage cause relatively large changes in 
average anode current. Lai*ge changes of current are also produced by 
small changes in tube characteristics. This type of control is not 
applicable to external grid tubes but can be used with magnetic control. 

12-44. Phase-control Circuits.—^Any convenient method can be used 
to shift the phase of the grid voltage. A simple method is the use of a 
phase shifter (a transformer having a single-phase secondary winding 
which can be turned through 360 electrical degrees within a polyphase 
winding arranged to produce a rotating field) as in Fig. 12-84a. A series 
combination of resistance and reactance is the basis of a number of prac- 

^ See footnote p, 444. 

2 See footnote ^ p. 444. 



Fia. 12-75.—Wave diagram 
showing the variation of firing 
period by change of amplitude of 
grid voltage. 
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tical phase-control circuits, of which Fig. 12-76 is a typical example* The 
phase of the grid voltage is varied by changing R or C. The function of 
R' in series with the grid is to limit the grid current to a safe value after 
the tube fires and in case of short circuit of C. The required value of R' 
depends upon the minimum values of the two phase-shifting impedances* 
It may be omitted if both impedances are at all times large enough to 



limit the grid current to the maximum average 
value. With tubes in which appreciable grid cur¬ 
rent flows previous to firing, the voltage drop 
through this resistor may affect the phase control 
adversely. For this reason, this resistor should, 
in general, not be much larger than necessary to 
limit the grid current after firing. It has little 
effect, however, with shield-grid thyratrons. For 
the same reason, the values of Zi and Z 2 should 
not be larger than necessary to limit the current 


Fig. 12-76.—Simple through these impedances to allowable values, 
control circuit. -Ihe vector diagram representing the voltages 

of the circuit of Fig. 12-76 up to the time that the 
tube fires is shown in Fig. 12-77. The current In is used as reference, 
and the grid current is assumed to be negligible previous to firing. The 
voltage 743 across the resistance is in phase with the current, whereas 
the voltage Vu across the condenser lags the current by 90 degrees. 
The secondary voltage Fia is the vector sura of 7i4 and Fij. The grid 
voltage Fff is equal to F 24 , which is the vector sum of Fh and F 21 , or the 
vector difference of F 14 and Fu. The impressed anode voltage Vp is 
equal to F 23 . 

A vector diagram that is more T'-V 
susceptible to analysis may be derived j 

from that of Fig. 12-77 by application 1 

of the theorem that the significance of ,, ' 

a vector diagram, is unchanged by v,^ - 

displacing the vectors without altering i2.77.-.-Vo<-t<,r If tho ri,- 

their magnitudes or the angles between provit)u» to firing, 

them. The resulting diagram for the special case in wliieh the scaumdary 
is center-tapped is that of Fig. 12-78.1 Since Fuand F 43 are perpendi¬ 
cular and their sum is always equal to the secondary voltages F,.,, which is 
assumed to be constant, it follows from a theorem of platie geometry that 
their intersection must lie on the circumference of a circle, tluj diameter of 
which is F 13 . It can be readily seen from this diagram that docreaHing R, 
or increasing the capacitive reactance by decrca.sing C, dccreasoH 9, tho 

1 Weinbach M. P., “Alternating Current Circuits,” p. 9g, TlioMacmOlan Com¬ 
pany, New York, 1933. 
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angle of lag of the impressed grid voltage relative to the impressed anode 
voltage, and thus produces a gradual increase of average anode current. 

When the resistance and condenser are interchanged, the vector 
diagram becomes that of Fig. 12-79.^ The angle 6 is now measured 
in the opposite direction, showing that the grid voltage leads the anode 
voltage by the angle 6. If d is made to approach 180 degrees by the 
use of very small resistance or capacitance, the current is ^ero, as shown 
by Fig. 12-74. A slight increase in either R or C will retard the phase 
of the grid voltage and cause the average current to increase suddenly 
to full value. This circuit evidently gives on-off control. 




Pig. 12-78. (Ur(*le vector diagram Fig. 12-79.—Circle vector diagram for 

equivalent to tlio vector diagram of Fig. 12- the circuit obtained by interchanging C and 
77. R in Fig. 12-76. 

An inductance can be used in place of the condenser in the circuit 
of Fig. 12-7(). Since it is impossible, however, to construct an inductance 
coil that does not have appreciable resistance, the voltage across the 
inductance will not be 90 degrees out of phase with the current, and the 
vectors representing the voltages across the inductance and the resistance 
will not be perpendicular. The general behavior can, however, be 
determined from a diagram in which the vectors are assumed to be perpen¬ 
dicular. The reader will find it instructive to construct these diagrams 
for the circuit obtained by replacing C in Fig. 12-70 by an inductance 
and for tlie circuit in whicli the inductance and resistance are transposed. 
Table 12-11 is convemient in determining the circuit to he used for a 
particular application. [In the table, 2:2 refers to the imp(ulance adjacent 


''J'able 12-11 


(adjacent to load) 


Manner of 
varying 
resistance 

Manntu’ of 
varying 
rcMic.tancc 

Manner in 
which current 
increases 

H,('isistance. 

Capacitance 

Ilcaistanco 

Decrease 

Increase 

Gradually 

C Capacitance. 

Increase 

Decrciase 

Suddenly 

Itesistance.' 

Inductance 

Decrease 

Increase 

Suddenly 

Inductance. 

liesistance 

Increase 

Decrease 

Gradually 





1 Note tliat irani^)()Hing C and R is equivalent to changing the connection of the 
anode circuit frorr: terniinal 3 to terminal 1 of the transformer. 
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to the load, and 2 i to the impedance between the grid and the side of 
the transformer to which the load is not connected (see Fig. 12-7())-] 

It is a simple matter to determine, without reference to Table 12-11, 
the correct circuit to produce a desired result. Suppose, for instance, 
that it is desired to increase the current suddenly by an increase of 
resistance. Figure 12-74 shows that sudden increase of average current 
requires that the angle of lead of the grid voltage relative to the anode 

__ voltage should be reduced by a small amount 

from a value somewhat less than 180 degree.s. 

/ \ The grid voltage must lie in the second quad- 

^ ^ rant of the circle vector diagram, and so the 

diagram must be that of Fig. 12-80. If in¬ 
crease of resistance is to decrease the lead 
of Vg, Vu must be the voltage across the 

Fig. 12-80.—Circle vector resistance, and Vis, which lags Yu by 90 
diagram for phase-control cir- , .in u 

cuit in which increase of resist- d6grG6S, Ullist DG tilG VOltli^G OjCIOBfi ^ COIl- 

ance causes an abrupt increase densGr. Thus thc impedance adjacent to 
of average anode current. i i i . 

the load must be a capacitive r(uictanc(% 
and the other must be the resistance. 

The analysis that has been made for thyratron pluivse control can 
also be applied to grid-glow-tube control if account is taken of the fact 
that, in order for cathode-to-anode breakdown to occur, the anode 
voltage must exceed the grid voltage by an amount determined by the 
grid current that flows subsequent to grid-cathode ignition (see Fig. 
12-16). 

When the line voltage is high enough to give the re(|uired load current, 
some reduction in cost may be effected by drawing the load current 




Fig. 12-81. —Variant of the circuit of Fui. 12-82. Form of piiawM’ontrol 
Fig. 12-76 in which the load current is taken circuit in whicli tlu' Ioa<l currant ih takan 
directly from the line. directly from tlie lino. 


directly from the line. The center-tapped transfornKU’ may tlum Im 
replaced by an untapped transformer shunted by a (‘ent(U‘-tapp(Hl reHint- 
ance as in Fig. 12-81. This transformer need have only sufficient 
current capacity to carry the voltage-divider current and tint grid cnirrent 
after firing. The secondary voltage rating may usually he, less than the 
anode voltage. To ensure the proper phase relations of the voltagc^s, the 
resistance of the voltage divider should be small in (unnpariHon with 
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the phase-shifting impedances. A somewhat similar circuit is shown in 
Fig. 12-82. It should be noted that the circuits of Figs. 12-76, 12-81, 
and 12-82 are suitable only for use with loads that will operate on direct 
or pulsating current. 

Another modification of the circuit of Fig. 12-76 that is particularly 
useful when the load current or voltage exceeds the rated value for the 
tube is shown in Fig. 12-83.^ When the phase of the grid voltage is 
adjusted so that the tube does not conduct, the current through the load 
cannot exceed the normal exciting current of the transformer. As the 
average tube current is increased, the primary current also increases, both 
because of the alternating component of secondary current and because 
of the saturating effect of the direct component 
of secondary current. In order that the mini¬ 
mum load current shall be small, the trans¬ 
former primary impedance must be much larger 
than the load impedance. If necessary, the 
minimum load current may be reduced by 
shunting the load with a resistance R. If a 
step-up transformer is used, the load current 
exceeds the tube current. In this manner a 
tube can be made to control load current many 
times as great as the rated maximum average 
anode current. The turn ratio, and hence the 
load current, are limited because the secondary 
voltage must not exceed the rated maximum 
peak inverse or forward voltage. If a step-down transformer is used, on 
the other hand, the tube can be used with a supply voltage greatly in 
excess of the rated maximum peak voltage, the turn ratio and voltage 
being limited by the allowable average tube current. This circuit is 
suitable only for loads that operate on alternating current. 

The load current can be doubled by the use of two thyratrons in a 
full-wave circuit such as that of Fig. 12-84a.2 This circuit also illustrates 
the use of a phase shifter, which may be replaced by a combination of 
resistance and reactance as in Fig. 12-846.^ 

A high-vacuum amplifier tube may be used in place of the resistance 
in phase-control circuits. By this means a very small direct voltage in the 
grid circuit of the high-vacuum tube can control large amounts of current 
and power. Figure 12-85 shows circuits based upon that of Fig. 12-76.® 

^ CuAiG, P. li., Electronics j 6 , 71 (1933), 10, 26 (1937); Lowny, E. F., and Gess- 
FOBD, R. K., Electronics, 9, 27 (1936). 

2 Bakbe, W. R. G., Fitzgbkalo, A. S., and Whitney, C. F., Electronics, January, 
1931, p. 467. 

^Baiceb, Fitzgerald, and Whitney, ibid.; CoitONiTi, S. (1, Proc. I 31 , 

653 (1943). 



Fio. 12-83.—Phase-con¬ 
trol circuit that is useful 
when the current or voltage 
of the load exceeds the maxi¬ 
mum vahio for which the 
tube is rated. 
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Similar circuits using inductance in place of capacitance have discontinui¬ 
ties in the curve of average current vs. control voltage. Oscillographic 






li'iG. 12-85.—Phase-control circuits in which the use of vaeuuin-tuhoB as rcHistauco rnak(*H 
possible control by direct voltage. 


studies show that this difficulty is the result of trausieut oscullations set up 
periodically iu the inductance when the high-vacuum-tube plate currcuit 
puts off. An objection to the circuit of Fig- 12-85a is the fact that the 
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cathode of Ti connects to the grid of Ta. Since the cathode of T 2 is 
capacitively grounded through the heater transformer, the cathode of 
Ti cannot be grounded without affecting the control ^ction adversely. 
When the cathode of 2\ is not grounded, however, the control is affected 
l)y body capacitance to Ti. This objectionable characteristic is avoided 
in the circuits of Figs. 12-856 and c. The function of the resistance R 
in the circuit of Fig. 12-856 is to adjust the minimum load current. 
(Reliable operation of this circuit necessitates that the phase relation 
between the grid and plate voltages of the thyratron be correct. If the 
action is erratic, or if the circuit fails to function, the connections to the 
primary or secondary of the thyratron anode transformer should be 
reversed.) Both circuits give gradual control of load current. By the 
use of a diode rectifier in the grid circuit of the vacuum tube Ti, the 
control can be made sensitive to small alternating voltages of any 
frequency. A very sensitive light-operated control is obtained by using 
a phototube to change the grid volt¬ 
age of the high-vacuum tube (see Sec. 

13-9).' 

The field of application of most phase- 
control circuits in which a very high 
resistance may be used as the controlling 
element can be greatly extended by 
replacing the resistance by a phototube. 

This is discussed in Chap. 13 (see Sec. 

13-11). A-c input 

12-46. Use of Saturable Reactor in 12 - 86 .—i^haso-control circuit 

Phase-control Circuits.-Sometimes it is a «aturablo reactor, 

necessary to apply phase control to loads that require alternating 
current. Altliough this can be accomplished by means of the circuit 
of Fig. 12-83, the fact that the anode current in general consists of 
periodic pulses lasting only a portion of the cycle caxises the wave form 
of the load current to be poor. This difficulty can be avoided by using 
the thyratron current to saturate the core of a reactor, the reactance of 
which controls the load current. This method has the additional 
advantage of making possible the control of larger load currents at 
higher voltages. 

A typical control circuit incorporating a saturable reactor is shown 
in Fig. 12-86. The load current is limited by the reactance of the coils 
A and B. These coils are of equal dimensions and are connected so 
that the fluxes that they produce add in the outer arms of the core but 
cancel in the center arm, which holds the winding C, For this reason 
no alternating voltage is induced in coil C, The anode current of the 
thyratron Ti flows through coil C, producing a d-c flux which divides 
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equally between the outer arms of the core and thus reduces the reactance 
of A and B, When the average anode current is zero, the load current 
cannot exceed the exciting current of the reactor. If the maximum 
average anode current is sulEficient to saturate the core, the resulting 
reactance will be so small as to have very little effect upon the load 
current. The function of the rectifier T^ is to provide a path for the 
direct current in coil C during the portion of the cycle when Tx does not 




1 


u 


Fig. 12-87.—Circuits for 


{d) 

prc)du(5ing voltage pulses for thyratron oontrol. 


conduct.^ If Ta were omitted, the voltage induced in coil C would tend 
to maintain current flow in Ti during the whole cycle and thus prevent 
the variation of saturating current by phase control of Ti. 

12-46. Voltage Impulses for Grid Control.—When it is very important 
that the thyratron fire at exactly the same point in the cycle in suc¬ 
ceeding cycles, it is sometimes desirable to use a fixed negative grid 
bias and to fire the tube by means of a positive pulse of grid voltage.® 
This type of control has the additional advantages that the negative 
1 Babat, G., Proc. I.B.E., 22, 314 (1934). 

^ Mokack, M. M., Oen. Elec. Rev., 87, 288 (1934). 
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grid voltage aids deionization and that the positive-ion bombardment 
of the grid obtained with negative biaKS helps to remove emitting material 
deposited upon the grid. 

Figure 12-87 shows four methods by which voltage impulses can be 
produced and the shape of the resulting voltages. In (a) the pulse is 
produced by a synchronous contactor which applies an additional posi¬ 
tive grid battery to the grid circuit for an instant. Circuit (h) uses 
a saturable reactor in series with a resistor. The reactor saturates near 
zero of the applied voltage and produces, across the resistor, a peaked 
voltage wave that is applied to the grid through a transformer. In (c), 
when the glow tube breaks down, the condenser current starts to flow 
abruptly, giving a secondary voltage with a steep wave front. In circuits 
(b) and (c) the firing time is changed by shifting the phase of the input 
voltage to the pulse circuit. 

A more satisfactory method of producing control pulses is by the 
use of an impulse transformer of the type shown in (d)} The legs of the 
core holding the grid-voltage coils are of small cross section and are 
made of permalloy, which has high permeability up to a certain flux 
density, above which it saturates rapidly. The secondary voltage is 
very peaked and of short duration. The positive pulse is applied to the 
thyratron grid through the rectifier HTi. The negative pulse is by-passed 
through the rectifier Thyrite is used for Rc because its resistance 

increases with decreasing voltage, thus helping to maintain a small 
negative grid voltage caused by electrons trapped on C during the time 
the grid is positive, but allowing rapid discharge when the voltage is 
high. The time in the cycle at which the voltage pulse occurs is readily 
changed by means of direct saturating current in the phase-shifting 
winding. Current in one direction advances the phase of the secondary 
voltage; current in the other direction retards the phase. By using 
both secondary coils it is possible to control two tubes which fire during 
opposite halves of the cycle of supply voltage, giving full-wave operation. 
Other types of pulse generators have been discussed in Secs. 10-7 and 
10 - 8 . 

12-47. Tubes for Phase-control Circuits.—In most phase-control cir¬ 
cuits the grid-circuit resistance or impedance is high. For this reason 
these circuits function best with low-grid-current tubes, preferably of 
the shield-grid type. 

Applications of A.c.-operated Control Circuits. —Phase-control cir¬ 
cuits are used for the control of illumination, for the control and stabiliza¬ 
tion of alternating load current and voltage, for the control and stabiliza¬ 
tion of the voltage and frequency of alternators, for temperature control 
and stabilization, for the control of rectifier output voltage, and for 

‘ Kn/riE, ()., Elec. Eng., 61, 802 (1932). 
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many other purposes. The advantages of thyratron control of current 
over the use of series resistance are the large saving in power and the 
ease with which the current can be varied by means of small low-current 
variable resistors, reactors, or condensers. As a switch, the a.c.-operated 
thyratron has found its greatest application in the control of spot welders. 
The following applications are of special interest because of the principles 
involved. For a comprehensive treatment of commercial and laboratory 
applications of thyratrons the reader should refer to other texts. ^ 

12-48. Illumination Control,—^Any of the phase-control circuits that 
have been discussed can be used for the purpose of controlling illumina¬ 
tion. The simple phase-control circuits of Figs. 12-76 and 12-81 to 
12-86 control the load current but not the load voltage. These circuits 
are consequently not entirely satisfactory for illumination control, since 
the brightness of each lamp depends not only upon the setting of the 
controller but also upon the number of lamps in the circuit. This 
difficulty can be avoided by the use of a circuit that controls the lamp 
voltage, rather than the current. Such a circuit, developed by the 
General Electric Company, is shown in Fig. 12-88.^ 

12-49. Alternating Load-voltage Control.—The circuit of Fig. 12-88 
is useful not only in the control of illumination but also in any application 
in which it is desired to control the voltage of an a-c load and to stabilize 
the voltage against variations of load. The operation of this circuit is 
based upon the reactor-saturation control of Fig. 12-86, control of the 
thyratron Ti being obtained by variation of direct grid voltage. This 
grid voltage is made up of two parts, Vl and V„ The former is derived by 
rectifying the voltage between a and 6, which varies with load voltage; 
the latter is derived by rectifying the portion of the line voltage between 
c and d. When alternating voltage is first applied, the reactor has 
maximum reactance, the load voltage is low, and so Vg exceeds F/,. 
This causes the grid of Ti to be positive and allows the tube to conduct 
during the entire positive half cycle. The resulting high rectified current 
through the d-c winding of the reactor reduces its inductance and raises 
the load voltage. As the load voltage rises, Vl also rises, eventually 
making the grid negative and reducing the conduction time of T\ and 
hence the saturating current. Equilibrium is established at some value 
of load voltage that depends upon the setting of Pi. If the voltage 
across c-d is lowered, Vg goes down, and the thyratron grid beconuis so 
negative that the thyratron stops conducting. The direct current 
through the reactor falls, lowering the lamp voltage. This in turn 

iHenney, K., Electron Tubes in Industry,'' 2d ed., McGraw-Hill Book Com¬ 
pany, Inc., New York, 1937; Gulliksbn, F. H., and Vkddke, E. H., 

Electronics," John Wiley & Sons, Inc., New York, 1935, 

2 Chambers, D. E., Elec. Eng., 54, 82 (1935). 
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reduces tlie voltage Vl aiul heuc.e rcK.hiccH tlic^ nc^gative grixi voltages, 
l^quilibrium is again (^stal)liHluHl at a lowcn* value of anode curreiit and 
loa<l voltagcn 

SiiKH! tlie action of this enreuit d(q>en(ls upon balancing the voltages 
l)etw(aat c and d against tluit Ixd-ween a and 6, and not u|)on the load 
current, the load voltage is prac.tically indt'pendcaii of loa,d currcait. 
Idle load voltage is also pract.ieally indeiiendcuit of tulie and reaertor 
charaederistit^H and of frecpieiu^^v Tlu^ sp<H‘d of responsi^ depends prin- 
(dpally U|)on the rapidity with wln(‘.h the steady reactor flux (uin (‘hang(n 
It shouhl be noted tliat tire voltage betwinni c and d vari(‘S with alit^r™ 
nating lino voltage and that this dc^viec will not, thtur^foir^, oomvt for 
fluctuations of line voltngc'. 



Kua i2-88.“ -Thyrttirciu coiitral virvmi in which ilw lotui voltage in lu<Uii>('U<lciit of load 

rCHiHittlUHS 

12-60. Voltage, Speed, and Frequency Regulators.— Situio tlu* 
(Icvelopmtnit of tliyratroiw, many cireiiifiS have Ixum (UjviH(>.(l for th(i 
regulation of voltagts, npoticl, aiul freHUuuKiy. Tlus prinenpk^H involved 
in lhm> circuits in gniioral t hoHo wliich have Ikhui diwnwml. StiulcntH 
j)arti(ndarly intoreHtwl in this field will find it irwtructivo to refer to f.h<! 
technical literature. 

12-61. Temperature Control of Ovens.— A number of thyratron 
eircuits have been devtdoped for controlling and Btabilizing tlw^ tiomixua- 
tiire of elcictric furnaces or ovtms. 'Phe most Hensitive fliat luus been 
devined usch a i)hototube in place of the roaistatuus in the pluiae-eont rol 
circuit of Fig. 12-7(b (ace alao Fig. 12-19). The aiuxle curriuit aui)pliea 
part or all of the luxit. The phototube ia c.ontrolh^d Isy a beam of light 
rtiflectexl from the mirror of a galvanomettu' wliicdi ia (‘inu'gissed by tho 
current from a thermojunc.tion in tlie oven. Inereaae of ietnpiirature 
defiecta the beam, reducing tlus illumination of the idiototulx^ and increaa- 
ing its rt!aiHtan(!e, and thus dc'Ci'oaaea the avtu’agc^ anode e,urr(uit. With 
this circuit the temperaf.ure may readily be, held c.onHtant within a t<!nth 
of a degree at tempiu'atui'i^ in the vicinity of IhOO^C. 

‘ La Pibkue, C. W., Gm. Hire. !{»>., 36, 403 (1932); XAnm,, K. M., tuwl HaNcox, 

l:L li., Ren, Bed, ImtrunmiiBt 0, 28 (1934)* 
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12-62. Grid-controlled Rectifiers. ^—Grid-controlled rectifiers are 
advantageously used in the conversion of alternating into direct current. 
Among the advantages are the ease with which the direct voltage can 
be controlled by the use of phase-control circuits, the rapidity with which 
the current can be interrupted in case of overload or sliort circuit, and 
the possibility of using inverter action to feed back to tlie a-c line energy 
stored in filter condensers and chokes which would otherwise have to be 
dissipated in an arc when the circuit is interrupted.^ The use of grids 
also reduces the danger of arcback, 

12-63. Welding Control.^—In electric welding it has been found to 
be advantageous to use a series of equally spaced spot welds, rather than 


Welding 
-hr 0117 $ former 



lUu. 12-89.““~Thyratron welding Ciontrol (urcniit. 

a continuous weld. In order to accomplish this, the welder uuistlie 
switched on and off periodically. Because of tlio heavy currents, mechan¬ 
ical switches are unsatisfactory. The value of the thyratron in this 
service arises from the ability of the grid to control larger currents without 
in itself requiring large current, from the (ionsisteney witli which the 
grid can control the welding time, and from the al)Hcuuie of large current 
transients when tube control is used. 

Figure 12-89 shows one form of thyratron switelfmg circniit for welding 
control.^ The operation is in some respects simihir to that of tlie circuit 
of Fig. 12-83. The thyratron grids are biased negatively by the* auxiliary 

1 Bbown, H. D., Gen. Elec. Rev., 36, 439 (1032); Fooh, (’. B., Eie(\ Eng., 6(18 
(1934); Kime, R. M., Eledronics, August, 1033, p. 210; Joiihnkacx, I)., Elec. Eng.^ 
63, 976 (1934); DmuNi), S. It., and Keller, 0., Prac. IJt.E.^ 26, 570 (1037). 

^ Durand and Keller, ihid , 

3 Griffith, 11. 0., Qen. Elec. Rev., 33, 511 (1930); Martin, B., Jr., 3, 

293, 361 (1932); Lord, H. W., and Livinoston, 0. W., Elcctmnhm, July, 1033, p. 186; 
Chambers, D. E., Eke. Eng., 64, 82 (1935,.;) Palmer, II. L,, dm. Ekk Hni., 40, 229, 
321 (1937); (vLAEK, B, A,, Ekctronics, August, 1942, p, 36, Bc*pt4nrilifr, 1942, p, 55, 
October, 1942, p. 62, November, 1942, p. 65. Bee alao footnote 3, |i. 527. 

^ Chambers, I). ihid ; Palmer, H. Ij., ihid 
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}. 12-90.—Typicial ^nf^-controllcd miilti-anodo tank rectifier. This 
iciniately 0 ft. high and can handle 2750 kw at 025 vultw. (Courtcay of Alb' 
facturing Co.) 

dance of the series transformer is reduced to a very low yb 
/ically full line voltage is applied to the primary of the weldii 
3r. The thyrite resistor across the primary of the series trai 
mts dangerous surges of voltage. The control switch of th 
ig. 12-89 is usually replaced by an intermediate control 
b. is in turn operated by the voltage from a thyratron rc 
ator of the type discussed in Sec. 12-33. Adjustment of th 
}ants of this oscillator and of the bias applied to the intei 
’ol circuit makes it possible to vary the frequency of the 
and the portion of the cycle during which welding currej 
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Because the oscillator is controlled by 60-cycle synchronizing voltage 
(see Secs. 10-14 and 10-15), the timing is very accurate. 

In another type of circuit the welding time is limited to half a cycle 
or less > The portion of the cycle during which current flows is controlled 
by the use of phase control. 

12-54. Relay Control.—A promising field of application of thyratrons, 
either alone or in combination with high-vacuum tubes, is in the operation 
of relays as the result of changes of relative magnitude or phase of two 
or more voltages or currents.^ 

12-56. Mercury Pool Arc-discharge Tubes.—Mercury pool arc- 
discharge tubes may, in general, be used in the circuits and applications 
treated under hot-cathode arc tubes. Mercury pool tubes are much 
more rugged than hot-cathode arc tubes. The fact that the cathode need 
not be heated results in four other advantages over the thyratron: (1) the 
over-all efl5.ciency is higher, (2) the tube is instantly available for operation, 
(3) freedom from danger of cathode deactivation or destruction gives in¬ 
creased reliability in industrial service, and (4) the anode current is not 
limited by available cathode thermionic emission current, but only by 
heating of the anode or anodes and of the tube as a whole. By the use of 
water cooling, very high current capacity may be attained. M ercury pool 
tubes are designed for types of service requiring currents measured in tens 
and hundreds or even, instantaneously, thousands of amperes. 

As rectifiers, mercury pool tubes have been used for many years, 
first in glass envelopes, later in metal tanks continuously evacuated, and 
finally, in small sizes, in sealed metal envelopes. For a detailed dis¬ 
cussion of constructional and operational features of these rectifier 
tubes the reader should refer to books on the subject of commercial 
power rectification.® 

Grid-controlled mercury pool rectifiers provided with keep-alive 
anodes are used as power rectifiers, phase control affording a simple 
method of varying or regulating the output voltage (see Sec. 14-3). 
The grids, which surround the anodes, also serve to prevent mercury 
from depositing on the anode and causing arcback. A typical water- 
cooled high-power, grid-controlled tank rectifier is shown in Figs. 12-90 
and 12-91. Tubes of this type have relatively long deionizing time and 
are not convenient for use in the control of small amounts of power. 

1 Gkifpith, loc. cit; Lokd and Livingston, loc. cit 

2 WideroK, R., Trans, Am, Inst. Elec. Eng.^ SS, 1S46 (1934), 

^Prince, D, C., and Vogdes, B., Principles of M(*r(uiry Arc Rectifiem and 
Their Circuits/^ McGraw-Hill Book Gompany, Inc., New York, 1927; Marti, 0. K., 
and WiNOGRAD, IL, "'Mercury Arc Rectifiers^—Theory and Practice^'* McGraw-Hill 
Book Company, Inc., New York, 1930; Jolley, L. B. W., “Alternating Currant 
Rectification/’ John Wiley Sons, Inc,, New York, 1931. Bee also bibliography at 
the end of Chap. 14. 



12-56] OLOF- AND ARC-DISCHARGE TUBES AND CIRCUITS 523 


The field of application of mercurjj^ pool arcs has been greatly extended 
by the development of igniter-controlled tubesd 

12-66* Comparison of Igniter and Grid Control.—There are two 
fundamental diiBEerences between the hot-cathode thyratron and the 
cold-cathode ignitron (see Sec. 11-20). The first is the mechanism of 
electron emission at the cathode. In the cold-cathode arc, emission 
l)robably results from the formation by space charge of very high fields 
at the surface of the cathode, rather than from thermionic emission, as 
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Fio. 12-91.—Cross section through typical Allis Chalmers mercury-iu-o powtn* roctijfior 
of tile nmltianode typo. The main anode, at the loft, is shown air-( 5 ooled. 'Pho lirokon 
line indicates an optional radiator for water-cooling. 


ill the hot-cathode arc. The second difference, the method of controlling 
the formation of the arc, is in reality the result of the first. In a hot- 
cathode arc tube the continuous ample emission of electrons at the 
cathode makes it possible for the arc to form when the anode voltage 
exceeds the ionization potential of the gas or vapor. The function of the 
grid in a thyratron is to prevent formation of the arc. licfore the grid 
can regain control after arc extinction, it is necessary that deionization 
shall be so complete that the arc cannot form between the grid and 
the cathode and that the grid is not surrounded by an ion sheath which 

‘ SwopiAN, J., and Ludwio, L. R., Tram. Am. Inst. Eke. Eng., 62, 693 (1033); 
Knowlbs, D. D., Electronics, Juno, 1933, p. 164. 
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prevents it from holding back electrons ^emitted from the cathode. This 
may require as much as 100 /isec. In the cold-cathode arc tube, on the 
other hand, the emission mechanism is such that high current density and 
high ion density in the vicinity of the cathode are necessary for its 
maintenance. Within a few microseconds after extinction, the deioniza¬ 
tion in the vicinity of the cathode is great enough so that the re(|uired 



Fio. 12-92.—C/OUBtruciion of tho typo 
Wn-65t wuter-eoolod motal ignitron. 
{Courtesy of WeMmghouse Electric and 
Manufaduring Co,) 



.I'ici. 12-9S,— C\jt-away view of typo FG- 
258A wator-cooksd motnl igtiitron, (Cour» 
tesy of Ccrwral Etticine (\mtjmnit.) 


emission is not rcestublished by renpplictition of iituKle ^-oltagc.' Fur¬ 
thermore, even if the anode voltage is high enough to eiumc' a glow, break¬ 
down into an arc occurs only runsly and at riuidoiu intm-vuls. 'I’he 
function of the control electrode in a mercury pool tube is not, therefon!, 
to prevent formation of the arc, but to initiate the are. 'riuM can lx; done 
by producing ionization of density comparable \\'ith that causcal by the 
arc. In the ignitron the retiuirod ion density is obtained Ijy means of 
an auxiliary rod, the igniter, which touches th(! surfiuu! of tlic meianiry 
pool. A heavy current from igniter to pool causes the formation of an 
iKNowi.i:.s, D. I)., and Banoratz, E. G., Eke. J., 80, SOI (1033). 
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auxiliary arc which is followed within a microHocoiid i)y the formation 
of the main are. ^ 

12-57. Ignitroix Structure..A tyi>i(*al air-eoolcMl glaas if^nitron, 

the KlJ-()37, was shown in Fig. 11-14, 'Tlu' use of nu‘l al eoiist rmhion 
and water cooling has r<\sulte(l in tubes of gri‘a,t ly r(Hhu*(‘<l sis^i* and wit It 
smaller i)roha!>ility of areback. It has Ixnm found t.hat tiauhnury towiird 
arcback in niercury ])ool tubes is favored l)y tlu^ |)ositiv(»-ion fmek eurrcmt 
that flows during the negative half cycle Ixd’ore dcaouir^U ion is eompU*te.‘‘ 
Since the deionizing time is reduced I)y lowtnhig tlu^ t(mip<‘ratun‘ (hw 
Sec. 11-22), tlie (dficicmt (‘ooling attuimibk^ in water-ja(*k(d(‘d nn‘tal 
ignitrons is conducive to freedom from ar(d)n,ck. 

The important feat.ur(\s of construt*tion of wattu*-<‘o(h(^d ignitrons 
may be discerned from 1^'igs, 12-92 and 12-93, which show a drawing 
of the type Wlj-br)! ignitron and a cutanvay vimv of tlu^ typ(^ F( i-2f)8A 
ignitron. The sluh is not instilaUHl from tht‘ nu^rctiry <‘at.hode and is, 
therefore, at cathode })ot<‘ntial. The ignit(‘r and anodes knids are iimu- 
hited from the envelope by nuuins of glass bushings. If thc^ condmding 
time of the tid>e cxtaxMls the time in which tln^ spot can move to t!ic» e<lg(* 
of the pool, it may arudior to the envelope and eauH(* matcnnal tc^ \m 
sputtered from the nudal wall. For tliis i*(xiHon, somt* ignitrons arcs 
provided witli a spot Jixt'tA Idiis is a metal strip at 1 lu^ stirfacscs of tins 
mercury pool, whicli i)i*ev(sntH the (‘athode Hjsot from moving about. 
Choice of inatcu'ial foi* ilus ignitesr rod is au im|)orta.nt cousidcuation in 
the design of ignitrons. It has been found that a Hcsmicsondmstcu*, hucsIi as 
boron carl)ide or siliecm (sarbidcs, is satisfacstory. Idas eompoutnl is 
finely ground and formed int<o a rod with thts aid of a bindtu*. An irreg¬ 
ular surface, resulting from, tins pr<.)j(‘eti(.>n of nunuu’ous sharp et.lgeK or 
paints of crystals, is esscuviial. In order to limit itu‘ cmc'rgy rtMpiirtnl to 
initiate the arc, r<.)d diaimd-cn’ and the shapes of thc^ (.md of llic! roc.l ninsi 
l,)e properly cdiosend st.artlng cnrnmt in(u*east‘s witb roc.! diiimcder. 

12-68. Comparison of Thyratron and Ignitron.. .litHniuse of t.lm great 

rapidity with whi(,‘.h <;or.d,a’ol is recsHt.abIiHhed, the certainly of contrc,il 
is greater for thc! ignitron tlian for tla^ thyratron, Ar(d>a(4H may mmir 
occasionally, but it has bcHui shown that arcd'>ac‘k is ciSHentially a riindom 
phenomenon and that tlie probal>iUty of its (.aanirnmco can Im rtaluced 
to as low i:w one:! ar(,d)a(tk in a month, of ()tlu*r advantage's of tha 

^ Dow, W. (i., mn\ PowniiH, W, ,IL, iiVo:*. Kng,^ .54, IM2 ('1935), 
yLtinwio, h, IL, MA.xiusnn, F. A., nnirroiaaMUi, A, 1 !,, Plltr, Eng., 75 (1943). 
^ Waosse, <1 ,F., and Ltunvm, L. It., Eke, Erkg,^ 63, 1384 (11)34"!: Tosics, L,, 
PhimcB, 6, 294 (1035). 

^SliKPiAN, J., and 'Lunwio, 1,, It., 7^mm. dm. ImL Ehr, Eng,, 62, (193 (4113.31; 
Cacik, J. M,, Gen, Eke, lieth, 38, 404 {1035); Tcmvmn, A. lb, Eke, Ettg., $$, 8.ICI 
(1037). 

^Bokpian, j., and Lnnwm, b. .It,, Tmm, dw. Imi, Eiee, Eng,, 61, 02 CHIS2b 
See also I>. Cl PiiiNen, J, Am, ImL Eke, Eng,, 46, 667 (1027), 
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ignitron were discussed in Sec. 12-55. A serious disadvantage of the 
ignitron is the necessity for a large pulse of energy to initiate the arc. 
An igniter current of the order of several amperes for a time of about 
100 jusec may be required. During this time the anode voltage must 
remain about 25 volts above the normal tube drop of 10 volts in order 
that the tube shall fire. In contrast to the hot-cathode arc tube, which 
will operate at small anode currents, the mercury pool type of arc tube 
requires an anode current of the order of 1 or 2 amp in order to maintain 
the arc. This is sometimes a disadvantage but may, on the other 
hand, assist in the extinction of the arc in d-c operation. The maximum 
peak voltages at which ignitrons can be operated are in general lower than 
those of thyratrons. Operating data for typical ignitrons are listed 
on p. 688. 

12-69. Ignitron Control Circuits.—The methods used in stopping 
the anode current of thyratrons are applicable to ignitrons. The arc 



Fig. 12-94.—Ignitron firing circuit. 


A'c inpuf 



Fig. 12-95.—Ignitron phaHc-coritrol circuit incor¬ 
porating a thyratron. 


may be extinguished by reducing the current for an instant below the 
value necessary to maintain the cathode spot. Because of the relatively 
high energy required to fire the ignitron, the simple phase-control circuits 
discussed earlier in the chapter cannot be applied directly to ignitron 
control. A phase shifter capable of supplying the necessary power may 
be used. Several circuits have been developed that allow the tube to 
be fired by energy supplied by the line. * 

Figure 12-94 shows the basic form of one type of ignitron firing circuit. 
The rectifier tube Tz serves the dual function of preventing the flow of 
igniter current during the negative half of the cycle of applied voltage 
and of interrupting the igniter current after the anode fires in the positive 
half cycle- After the anode fires, the voltage applied to the ignitor circuit 
is the ignitron tube drop, which is approximately cciual to the rectifier 
tube drop. The igniter current therefore falls to zero. Buljstitution 
of a phase-controlled thyratron in place of the rectifier, as in Fig. 12-95, 
makes possible the control of the time in the cycle at which the ignitron 
is fired. 

In the circuits of Figs. 12-94 and 12-95 the igniter currtmt flows 
through the load. For this rejison there is likely to be some variation 
of the time in the cycle at which the anode fires. This difficulty is 

‘ Knowles and Banobatz, Iqc. cit. 
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avoided in the circuit of Fig. 12-96, in which the condenser C is charged 
through the rectifier Ts and discharged through the thyratron T 2 at a 
time determined by the phase-shifting network. Oscillograms show 
that with this circuit the ignitron fires with regularity at a predetermined 
point of the cycle of alternating supply voltage.^ In order that the 



Fig. 12-96.—Pliase-control circuit in which the ignitron ia firod by energy stored in the 

condenser C. 

thyratron will extinguish, the rectifier circuit is designed so that the 
charging current of the condenser is less than the current required to 
maintain the arc of Ta. 

Because of the high peak currents to which the thyratrons are sub¬ 
jected in the circuits of Figs. 12-95 and 12-90, particularly if anode 



breakdown fails to occur, the life of the thyratrons is relatively short. 
The need for thyratrons is avoided in the circuit of S'ig. 12-97a, in which 
direct and alternating voltages are impressed simultaneously in the 
igniter circuit, which contains an iron-core choke.’* As the result of 
core saturation, a high pulse of igniter 
current flows during the positive crest 
of impressed alternating voltage, as 
shown in Fig. 12-976. The average 
igniter current and the reverse cur¬ 
rent during the negative half cycle 
are, however, small. Phase control 
may be obtained by shifting the phase of the impressed alternating 
igniter voltage relative to the anode voltage. 

The circuits of Figs. 12-95 to 12-97 can be readily converted into 
full-wave circuits. Figure 12-98 shows a full-wave ignitron circuit that 



Igniter 

control 


Igniter 

control 


Fio. 12-98,—Full-wavo ignitron circuit. 


1 Klempebbr, Hanb, Electronics^ December, 1939, p. 12. 
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permits current to start flowing at a predetermined point in each half 
cycle. ^ 

Ignitron Applications—The applications of the ignitron are in general 
the same as those of the thyratron. They include spot-ivelding control, 
inversion and frequency transformation, illumination control, and motor 
commutation. 2 At present spot-welding control is by far the most 
important application of ignitrons. 

12-60. Externally Controlled Mercury Pool Arc Tube.—Breakdown 
of a glass mercury pool tube containing a small amount of inert gas may 
be initiated by means of an external electrode in contact with the glass 
wall. The sudden application of high voltage between the external 
electrode and the cathode causes the formation of a glow, with subsequent 
formation of an arc between the anode and the cathode. The objection 
to this type of control lies in the lowering of the anode-cathode glow 
breakdown voltage by the use of gas, but it has found application in 
stroboscopes. 

12-61. The Strobotron.—Another type of cold-cathode urc tube 
was developed by Germeshausen and Edgerton.'^ The electrode struc¬ 
ture of this tube is illustrated in Fig. 12-99. The cathode consists of a 
cup containing a cesium compound that liberates free cesium under the 
action of the cathode spot. In this manner high thermionic emission is 

obtained at relatively low temperature. 
The cathode is surrounded by a ceramic 
insulator which concentrates the discharge 
on the active portion of the cathode and 
serves as a support for the inner grid. This 
grid is a wire-mesh screen directly above 
the cathode. During the operation of the 
tube, the inner grid becomes coated with 
cesium, which lowers the breakdown voltage 
when this grid acts as a cathode, A second 
or outer grid, a graphite ring, is mounted 

,,, , , , , . . . . above the ceramic insulator. Graphite is 

containing oesiL/m , , . , . , , 

‘ ‘ ‘ compouna) used because the coHuim which condenses 

Fia. 12-99.—Strobotron ciectrodo on it docs not lowct the breakdown voltage 
structure. between it and the catliode. The anode is 

about an inch above the grid, the anode support wire lieing insulated by 
means of a glass shield in order to prevent the diHchargc!^ from taking the 

1 Stoddard, E. N., EUc. Eng.y 63, 1366 (1934). 

2 Wagner, C. F., and Lxjdwig, L. E,, Elec. Eng.y 68, 1384 (1934); Ltinwio, L. R., 
Maxfield, F. a., and Toepper, A. H., Elec. Eng.y 63, 75 (1934); Silykrman, I)., and 
Cox, J. H., Elec. Eng.y 63, 1380 (1934); Dawson, J. W., Elec. Eng.y 65, 1371 (1936);; 
Packard, D., and Hutchings, J. H., Elec. Eng.y 66, 37, 875 (1937). 

8 Germeshausen, K. J., and Edgerton, H. E., Elec. Eng.y 66, 790 (1936). 
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shorter^ path, to the support. One of the noble gases, usually neon or 
argon^ is used in the tube. 

Breakdown is initiated as a glow discharge between two of the elec¬ 
trodes, usually the two grids. If the glow current exceeds a certain 
value and the anode source is capable of supplying sufficient current to 
maintain an arc, a cathode spot immediately forms, and the discharge 
changes into an arc between the anode and the cathode. Because either 
giid naay be made either positive or negative relative to the cathode, 
there is considerable latitude in the operating voltages that may be used. 



A typical control characteristic is shown in Fig. 12-100. By proper 
choice of grid voltages, the glow current required to initiate arc 
breakdown may be made as small as 2 X amp.^ The tube will 
cat I y a peak current of 200 to 300 amp and an average current of 
50 ma. 

.Developed primarily as a stroboscopic light source, the strobotron 
has other applications,^ It may, for instance, be used to fire an exter¬ 
nally-controlled mercury pool arc tube. Its advantages as a stroboscopic 
light source result in i)art from the large peak current that can be carried 
witliout damage to the cathode. 

12-62, Stroboscopes.—An important industrial and scientific applica¬ 
tion of the arc tube is as a stroboscope. If an intermittent source of 
light is synchronized to the frequency of rotation or vibration of a 

1 Wnrrw, A. It, .Nottinchiam, W. B., Kdgebton, H. E., and Gkemeshaxjskn, 
K. J., Electronics, March, 1937, p. 18. 

2 Geemebiiausen, K. J., and Kdoeeton, H. E., Electronics, February, 1937, p, 12; 
Geay, T. S., and NoTTiNanAM, W. B., Rev, ScL Instruments, 8 , 65 (1937). 
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inGchanical dGvice or to a multiple or submultiple of the freciuency, the 
moving object will appear to be stationary when examined by the light. 
The requirements of such a light source are (1) easily controlled frequency 
of illumination, to allow synchronization of light and motion over a lai ge 
frequency range, (2) extremely short duration of light flash, so that the 
moving part under observation will not appear to move while it is illum¬ 
inated, and (3) light of great brightness, so that the moving part will be 
clearly seen despite the short time of illumination, l^y acting as a 
shutter of extremely high speed, the stroboscopic light source also makes 
possible the photographing of rapidly moving objects. 

One type of stroboscopic tube, the strobotron, has already been dis¬ 
cussed. Where small illumination suffices, thyratrons may be used as 
the light source. Ordinary thyratrons are not designed to be efficient 
light sources, however, and the production of intense illumination nec(\s- 
sitates the use of such large peak currents that the lite of a hot-cathode 
tube is shortened. Mercury pool tubes are therefore generally used in 
preference to thyratrons. The tubes may be constricted where^ the 
discharge takes place. The constriction not only concentrates the light- 
emitting region, but the proximity of the walls also speeds deionization 
of the gas and thus prevents serious afterglow. 

To produce a sharply defined flash of light, a condenser is discharged 

through the stroboscopic tube. Discharge 
may be initiated by a voltage impulse applied 
to an external electrode or an internal grid 
or by firing an auxiliary thyratron which is 
in series with the tube and a source of limited 
current, so connected that the condenser dis¬ 
charges only through the main tube. The 
inert gas which is essential to the use of 
external arc initiation is not objectionable in 
stroboscopic tubes because the relatively 
small diameter and large electrode spacing 
prevent the glow breakdown voltage from 
being too low. The complete circuit of a stroboscope is complicated by 
the necessity of tripping the tube by an impulse of steep wave front in 
order to ensure accurate adjustment and synchronization, especially in 
the observation of rapidly moving objects. 

Figure 12-101 shows a typical circuit in which a thyratron controls 
the tripping impulse applied to the external grid of a mercury pool arc 
tube.^ The large condenser Cs h charged through the rcBistance Rtj 

^Edgbrton, H. E., and Gkemebhauskn, K. J., Rev. Bel IrmtrumcntB, 8, 535 
(1932). See also H. E. Edgbrton, Elec. Eng., 60, 327 (1931), ElectmnicB, July, 1932 
p. 220; R. C. Hitchcock, Elec. J., 32, 629 (1935). 





Fig. 12-101.—Stroboscope 
circuit in which the discharge of 
a condenser through a cold- 
cathode arc tube is initiated by 
a thyratron. 
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and the condenser Ci is charged through Hi and H 3 . Application of a 
tripping impulse to the primary of the transformer Tri fires the thyratron 
Ti, which discharges the condenser Ci through the primary of the step-up 
transformer STra. The induced voltage in the secondary of Tr 2 is applied 
between the anode and the external grid of the mercury pool tube Ta? 
causing the latter to fire. Since the impedance between C 2 and the 
mercury pool tube is very low, the discharge current is high and of 
extremely short duration. The light emitted by Tq is therefore intense 

SOjOOO ohms 

+ 


Sir oho Iron-'' 

Fig. 12-102,—-Self-excitod strobotron stroboscope. 

and of short duration. Figure 12-102 shows a simple self-excited stro¬ 
botron circuit which is essentially an arc-tube relaxation oscillator of the 
type discussed in Sec. 12-33. ^ Figure 12-103 shows a modification of the 
circuit of Fig. 12-102 in which the firing of the strobotron is controlled 
by the output voltage of a multivibrator.^ 

Because of the very short duration of the condenser discharge in the 
circuits of Figs. 12-43 and 12-04, these circuits may be tised as the basis 
of a simple and reliable stroboscope. This is accomplished by connecting 
the light source across the secondary of an induction coil, the primary 


4pf 


Sf robotrorj 

1 iG. Strobotron stroboscope conti'ollod by a mnltivibrator. 

of which shunts Li and which contains no vibrator. The circuit of 
Fig. 12-04 is self-exciting but may be synchronized to the frequency of 
the system under observation by means of voltage applied to the grid 
circuit through a transformer in series with The circuit of Fig. 12-43, 
which must be tripped by a voltage pulse synchronized to the frequency 
of the object under observation, may be used over a wide frequency 
range without readjustment of circuit con.stantH. The synchronizing 
voltage may be applied through a transformer in series with C%, Ct being 

1 Gebmkhausen and Edoeeton, Elec. Eng., 66, 790 (1936). 
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omitted. In either circuit, only a resistance need be used as ^doad^^ in 
series with the supply voltage. An Edison-type neon lamp, with the 
ballast resistance removed from the base, or, preferably, a small neon 
sign, makes a suitable light source. The flash is of longer duration than 
that obtained with a strobotron or a mercury pool tube, but excellent 
results are obtained in many applications. Both the duration of the 
flash and the intensity are decreased with decrease of Li. For an FG-67 
thyratron, operated from a 110-volt direct-current supply, Ci should 
have a capacitance of from 20 to 40 juf, and Li an inductance of from 
0.2 to 0.7 mh. Li should have as low resistance as possible. 

Problems 

12-1. a. Design a circuit in which a glow-tube oscillator causes the periodic 
opening and closing of a relay. The frequency of operation and the fraction of tlie 
cycle during which the relay is energized are to be adjustable. All voltages except 
for cathode heating should be derived from a single 220-volt d-c supply. The relay 
closes on 7 ma and opens on 6 ma. Specify all tubes, circuit constants, and operating 
voltages. 

b. By constructing a curve of plate current vs. time, on which the critical relay 
currents are shown, prove that the percentage of the cycle during which the relay is 
energized cannot be varied progressively from zero to 100 per cent. 

12-2. Derive Eqs. (12-2), (12-6), and (12-7). 

12-3. By means of a circle vector diagram, determine which of the impedances of 
Fig. 12-76 should be a resistance and whether the other should be inductive or capacsi- 
tive in order that increase of resistance may produce pro¬ 
gressive increase of average anode current. 

12-4. a. Draw waves of anode voltage vb. electrical 
degrees for sinusoidal anode voltages of 200 volts and 800 
volts crest value; and, by the use of the grid-control 
characteristics of Fig. 12-27, construct corresponding waves 
of critical grid voltage for a type F( 1-57 thyratron. 

b. Use the curves of (a) to derive curves of average 
anode current vs. phase angle, $, l)etwe 0 n grid and anode 
^^^grmn for voltages, for crest grid voltage equal to twicer and to ten 

times the maximum critical grid voltage. 

12-6. The operation of the phase-control circuit of Fig. 12-104 is errat ic., regardless 
of the size of the condenser used. The phototube is found to be good, and all tube 
voltages are correct. Suggest a probable cause of this difliculty and a nnnedy. 

12-6. In the course of the tests on the circuit of Fig, 12-104, the grid suddenly 
becomes completely and permanently ineffective. Suggest a probable cau8(^, and 
state how the tube might have been protected against damage. 




CHAPTER 13 

LIGHT-SENSITIVE TUBES AND CELLS 


In all tubes discussed in preceding chapters, the flow of current is 
controlled by means of voltages apjdied to the electrodes. There is 
another very impox’tant class of tubes or cells, in which the current and 
the output voltage are controlled by incident radiant energy and the 
operation of which depends upon some form of the photoelectric effect. 
These devices have made possible sound pictures, television, and many 
kinds of commercial and laboratory control and measuring equipment. 

13-1. Types of Photoelectric Phenomena. —The control of current 
by light may be accomplished by the application of three types of 
photoelectric phenomena: the photomissive effect, or emission of electrons 
from metallic surfaces as the result of incident radiation; the photo- 
conductive effect, or change of resistance of semiconductors by the action 
of incident radiation; and the photovoltaic effect^ or production of a poten¬ 
tial difference across the boundary between two substances that are in 
close contact, by illumination of the boundary. The best known of these 
phenomena, the photoemissive effect, appears in practical form in the 
phototube {photocell). The phototube is an electron tube in which one 
of the electrodes is irradiated for the purpose of causing electron emission. 

13-2. Historical Survey. —The photoemissive effect was discovered 
by Heinrich Hertz in 1887. In the course of his classical experiments on 
electric oscillations and electric waves, Hertz noticed that the maximum 
length of a spark that could bo made to jump across a small spark gap 
was increased when light from another spark was allowed to fall upon it. 
I^y means of a series of experiments he showed conclusively that the 
effect was caused by ultraviolet light and that it was greatest when the 
light fell upon the negative electrode of the spark gap. Subsequent 
contributions to knowledge on the photoemissive effect were made by 
Wiedemann and Ebert, Hallwachs, Righi, Stoletow, Elster and Geitel, 
J. J. Thomson, Lenard, and others.^ 

Hallwachs proved that the photoemissive effect involved the loss of 
negative electricity from the illuminated surface. Righi connected 
two electrodes to an electrometer, by means of which he observed the 
flow of current when the surface of one electrode was illuminated. 
Stoletow added an external source of voltage and measured the current 

1 See references at end of chapter. 
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by means of a galvanometer. Elster and Geitel predicted and proved 
that the alkali metals should be the most sensitive photoelectric emitters 
of all the metals and found that sodium and potassium respond not only 
to ultraviolet radiation, hut also to visible light. Lenard measured the 
ratio of the charge to the mass of the particles that carry the photo¬ 
electric current and showed them to be the same particles as those 
which Thomson had previously proved to carry the current in a beam of 
cathode rays and which were called electrons. 

13-3. Laws of Photoelectric Emission. —The early experiments 
resulted in the formulation of two laws relating photoelectric emission 
with the rate at which radiant energy strikes the emitting surface and 
with the wave length of the incident energy. The rate at which the 
radiant energy strikes is specified in terms of radiant flux (intensity of 
radiation), which is defined as the time rate of flow of radiant energy 
and is usually expressed in ergs per second or watts. The two laws of 
photoemission are 

1. The number of electrons released in unit time at a photoelectric 
surface by radiation of constant spectral distribution is directly propor¬ 
tional to the incident radiant flux. 

2. The maximum energy of electrons released at a photoelectric 
surface is independent of the amount of radiant flux incident upon the 
surface but varies linearly with the frequency of the radiation. 

The first law was one of the factors that led to the formulation of the 
quantum theory of radiation. This law is of pi'actical importance 
because of the desirability of a linear relation between anode current 
and incident flux in applications of phototubes. 

The second law was explained in 1905 by Einstein, who assumed 
that incident radiant energy could be transferred to the electrons only 
in quanta of magnitude hv and that a portion of this energy wan used in 
removing the electrons from the emitter, the remainder appearing m 
kinetic energy of the emitted electrons. This is stated mathematically 
by Einstein\s equation 

hv - w + (13-1) 

in which v is the frequency of the incident radiation, w is the electron 
affinity of the emitter, v is the maximum velocity of the emitted electrons, 
h is Planck^s constant, and m, is the mass of an electron. The equation 
holds only for the fastest electrons, which are removed from the atoms 
at the surface of the emitter. Some radiation penetrates through the 
outer layers of atoms, liberating electrons within the emitter. These 
electrons may lose additional energy in moving to the surface, so that 
their velocities after emission will be less than that indicated by Einstein^ 
equation. It can be seen from Eq. (13-1) that there is a minimum value 
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of V below which the energy of the incident photon is less than the 
electron affinity and no emission can take place. This limiting frequency 
is called the threshold frequency and is indicated by the symbol vq. Sub¬ 
stituting 2 ; = 0 and V = vq in Eq. (13-1) shows that 

^0 = f (13-2) 

The wave length corresponding to the threshold frequency is termed 
the long-wave limit, Xo. Einstein's equation was verified experimentally 
in 1916 by Millikan/ who determined the maximum velocities of emitted 
electrons for various frequencies of incident radiation by measuring the 
retarding potential necessary to reduce the anode current to zero. 
Einstein's equation is of practical importance because it indicates that 
the electron affinity of the emitter must be small in order for the emitter 
to be sensitive to visible radiation. 

13-4. Definitions.—Before proceeding farther it is necessary to list 
a number of definitions.^ 

Light is radiant energy evaluated according to its capacity to produce 
visual sensation. 

Luminous flux is the time rate of flow of light. ^ It is represented 
by the symbol F. 

The lumen is the unit of luminous flux. It is equal to the flux through 
a unit solid angle from a uniform point source of one candle, or to the 
flux on a unit surface, all points of which are at unit distance from a 
uniform point source of one candle. Ib follows that the total luminous 
flux over the surface of a sphere is equal to 47r times the number of candles 
of an enclosed source. 

Luminous intensity of a source of light, in a given direction, is the 
solid-angular flux density in the direction in question. Hence, it is the 
luminous flux on a small surface normal to that direction, divided by 
the solid angle (in steradians) which the surface subtends at the source 
of light. 

The candle is the unit of luminous intensity. The unit used in the 
United States is a specified fraction of the average horizontal candlepower 
of a group of 45 carbon-filament lamps (preserved at the Bureau of 
Standards) when the lamps are operated at specified voltages. 

Candlepower is luminous intensity expressed in candles. 

1 Miemkan, R. a., Fhys, Rev., 7, 355 (1916). 

2 See “Illuminatmg Engineering Nomenclature and Photometric Standards,’' 
Illuminating Blngineering Society, New York, 1932. 

^ Luminous flux is radiant flux of particular energy distribution, lying entirely in 
the visible range. 
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Illumination is the density of the luminous flux on a surface; it 
is the quotient of the flux by the area of the surface when the latter is 
uniformly illuminated. 

Foot-candle is the unit of illumination when the foot is taken as the 
unit of length. It is the illumination on a surface one square foot in 
area on which there is a uniformly distributed flux of one lumen, or the 
illumination produced at a surface all points of which are at a distance 
of one foot from a uniform point source of one candle. When the flux 
density is uniform, the illumination in foot-candles equals the flux in 
lumens divided by the area in square feet. 

The lumen and the foot-candle are defined with respect to the response 
of the normal eye. Methods of measuring luminous flux and illumination 
that are ordinarily used, such as the photometer, also involve the response 
of the normal eye. Therefore the number of lumens from a source of 
given total radiant flux will depend upon the energy distribution of the 
radiation. Since the manner in which phototubes respond to radiant 
flux of different wave lengths is not the same as that of the normal ('ye, 
the validity of using the lumen and the foot-candle in making meaBur(h 
ments of the sensitivity of phototubes may be questioned. In accordance 
with current practice, however, the lumen and the foot-candle will be 
used with the characteristic curves of phototubes and in the definitions 
of sensitivity, 

13-6. Current-wave-length Characteristics. —Photoelectric tubes and 
cells, like the human eye, are not equally responsive to equal amounts of 
radiant flux of different wave lengths. For this reason, the response of a 
phototube to a given amount of radiant flux depends upon the manner 
in which the energy of the incident radiation is distributed in regard 
to wave length, which in turn depends upon the source of the radiation. 
In order to specify fully the manner in which a phototube behaves, it is 
necessary to indicate not only the response to radiation of particular 
energy distribution, but also the manner in which the current varies 
with wave length at constant incident energy. Tul)e manufacturers 
therefore usually furnish the characteristic curves for illuminat ion from a 
tungsten-filament lamp operated at a temperature of 2870*M<; and, in 
addition, a current-wave-length characteristic^ which is a gra|)h show¬ 
ing the relation between direct anode current per unit energy of 
incident radiant flux, and the wave length of thc^ incidcmt constant 
radiant flux. 

Current-wave-length characteristics for the alkali met4rls are shown 
in Fig. 13-1. Comparison of these curves with the dotted curve, winch 
shows the visual sensitivity of the human eye, clearly indicates that 
cesium is by far the most satisfactory of the alkali metals for use with 
visible radiati<;)r)i, 
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Equation (13-2) suggests that the long-wave limit can be pushed 
farther toward the red end of the visible spectrum by reduction of the 
electron affinity. The electron affinity of photoelectric emitters, like 
that of thermionic emitters, can be lowered by the use of composite 
films made up of consecutive layers of different metals, of metals on 



3,600 4,400 5,200 6000 6,800 

V/oivelengtn, Angstroms 

Fia. 13-1.—Current-wave-lengtli charactei’istics for the alkali metals. 


oxides, and of metals on a monatomic layer of oxygen. The use of 
composite emitters results not only in response at much longer wave 
lengtlis, but also in a marked increase of sensitivity over the whole 
visible range of wave length. At present the most satisfactory type of 
cathode for use with visible radiation consists of a thin layer of cesium 
deposited upon a layer of cesium oxide 

formed upon a silver surface. The sen- J • \ 

sitivity of cesium oxide tubes extends well £ 8-1- 

into the infrared band of radiation. This if ^__ 

is shown, in Fig. 13-2, by the current- ^ \ ^ \ 

wave-length characteristic of a typical ^ v 

cesium oxide tube, the type 8G8. The | 2 ——4--—V-- 

sharp cutoff at the ultraviolet end of the .b q I / I 1^1 
Hpectrum is caused by absorption by ^ ° Wcte^ng+h^AngstS 

the glass envelope of the shorter wave 13 . 2 .— Current-wavo- 

Icngths of the radiation. High sensitivity length charactoristio tor the type 
in the ultraviolet region may be obtained phototube, 
by use of a pure sodium cathode enclosed in an envelope of quartz or 
special glass such as 7wnex, which transxxuts ultraviolet radiation. By 
the proper choice of cathode materials, the use of color filters, and the 
combination of two or more tubes of different color response, it is possible 
to adjust the resultant characteristic curve to meet special requirements. 
The double peak in the characteristic of Fig. 13-2 may probably be ex- 


: 0 4,000 8,000 12,000 

Wotvelenoj+h, Angstrom^ 

Fig. 13-2.—Current-wavo- 
loiigth cbaractoriwtic for tlie type 
868 phototube. 
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plaiaed by the fact that emission may take place from more than one 
substance in the composite film. 

13-6 Types of Phototubes— The electrodes and envelopes of photo¬ 
tubes may assume a variety of forms, depending upon the purpos(.s for 
which the tubes are designed. In the most comnum lorm of tube', 
illustrated in Fig. 13-3, the cathode consists of a cyliiukr of silvt'r <)r 
silver-plated copper covered with a composite (iinitting film. I h(^ 
shape of the anode is not critical, the most important nHiuin-numt, 
being that it should intercept as little light as possilde. A common form 
of anode in tubes mth cylindrical cathodes is a wire located at t he axis ol 
the cylinder, as shown in Fig. 13-3. In such a tube the initial vek»cities 

_ of only relatively few electrons are siuth as to t'arry 

them to the anode. Voltage must., tluTcdore, la* 
applied in order to draw all emitted (‘lectrons to 
the anode. 

Phototubes are classified as vacuum phidotuhvn 
and gas phototubes. A vacuum phoUdulm is one 
that is evacuated to such a degree that its elec¬ 
trical characteristics are essentially unalTeeted by 
gaseous ionization. A gas phototube is one into 
which a quantity of gas hsis been introduced, 
usually for the purpose of increasing its sensitivity. 

13-7. Characteristics of Vacuum Phototubes. 
Static current-voltage curves for a t.yt»ical ctisiuin 
oxide vacuum phototulx;, the 917, are shown 
in Fig. 13-4, and static curves of anode current es. luminous flux in Fig. 
13-5. The solid curve of Fig. 13-5 applies to all aiUKie voltages alwYt^ 
saturation; the dotted curves, which arc ordinarily of no great irractical 
interest, are for anode voltages below saturation. Curvature of the 
dotted curves is probably the result of apace chargr*. It should Ik* 
emphasized that the curves of Figs. 13-4 and 13-5 apply only to light 
from a tungsten filament at a color temperature of 287(FK, CurvcH 
obtained with radiation of different energy distributitm are of similar 
form, but the current range may be different. Such curves may Iw 
derived by means of the following procedure: 


Cofthoo/e' 


Fig. 13-3.—Electrode 
structure of one type of 
phototube. 



1. Multiply ordinates of the current-wave-length characteristic hy the citr- 
responding ordinates of the curve of Pig. 13-6, which shows the relative energy 
distribution of radktion from a tungsten filament at 2K70'’K, imd plot th«c 
products as a function of wave length. 

2. Plot a similar curve of the products of ordinates of tlie tnirreiii^*-wii¥e-!eiigili 
characteristic and those of the energy-distribution curve for tlie ptiviiri Miiiirrii. 

4 .*^' current scale of the current-volttige cliiiiriic»t«rwllc» by liie 

ratio of the area under the second product curve to the iireti iiiifler Itii! firwt 
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product curve. Por approximate results, the ratio of the sums of 15 or 20 uni¬ 
formly spaced ordinates of the two product curves may be used in place of the 
ratio of the areas, and so the product curves need not be constructed. 



Fig. 13-4.—Current-voltage charactoristics for Fia. 13-5.—Static curves of anode 
the type 917 vacuum phototube. current vs. luminous flux for the typo 

917 vacuum phototube. 



Fig. 13-(K—Relative energy distribution for I’adiation from a tungsten filament at a 
color fcomperaturo of 2870°K. (From data by W. E, Forsythe and F. Q. Adams-, Denison 
University Bulletin, J. of the Scientific Laboratories, 32, 70 (1937).) 

13-7A. Phototube Sensitivity.^ —Static sensitivity of a phototube 
is the ratio of the direct anode current at a specified steady anode voltage 
to the incident constant radiant flux of specified value. It is usually 
expressed in microamperes per microwatt. When the radiant flux is 
confined to a single frequency or a very narrow band of frequencies, the 
ratio is called the monochromatic sensitivity. 

Luminous sensitivity of a phototube is the ratio of the direct anode 
current at a specified steady anode voltage to the total steady incident 
luminous flux in lumens. Usually the luminous sensitivity is determined 
by means of a tungsten-filament lamp at a color temperature of 2870°K. 

1 These definitions are essentially those given in the 1933 and 1938 reports of the 
Standards Oomniittec of the Institute of Radio Engineers. 
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The 2870 tungsten sensitivity of a phototube is the ratio of the anode 
current at a specified steady anode voltage to the total luminous flux in 
lumens entering the tube from a tungsten-filament lamp operated at a 
color temperature of 2870°K. 

Variational sensitivity of a phototube is the ratio of the change in 
anode current at a specified steady anode voltage to the change in the 
total luminous flux entering the tube. As most precisely used, the term 
refers to infinitesimal changes, as indicated by the defining equation 



It is evident that the variational sensitivity is the slope of the curve of 
current vs. flux at given values of anode voltage and flux. It may also 
be found approximately from the family of current-voltage characteristics 
by the use of small increments of current and flux. 

13-8. The Gas Phototube. —It can be seen from the curves of Figs. 
13-4 and 13-5 that the currents that are obtained from a vacuum photo¬ 
tube are very small even with cathodes of high sensitivity. The sensi¬ 
tivity of the tube can be greatly increased by introducing a small quantity 
of gas. The increase of current results mainly from ionization of gas 
by the emitted electrons in moving to the anode. Ionization by colliBion 
takes place in a gas phototube when the anode voltage approaches the 
ionization potential of the gas. The new electrons thus released pass to 
the anode, and the positive ions are drawn to the cathode. The current 
is increased at every point between the cathode and anode by an amount 
corresponding to the number of ionizing collisions per second between 
the cathode and anode. Increase of anode voltage increases the number 
of primary electrons that make ionizing collisions. When the voltage 
becomes sufficiently high, then, after a primary electron makes one 
ionizing collision, both it and the new electron may make one or more 
other ionizing collisions in moving toward the anode. Some increase of 
current also results from secondary emission produced when positive 
ions strike the cathode. A tenfold increase of anode current may be 
attained by the use of gas, the current increasing rapidly as the voltage 
is raised above the ionization potential. Figures 13-7 and 13-8 show 
static curves of anode current vs. anode voltage and of anode current vs. 
luminous flux for the type 868 gas phototube. Below 15 volts the current- 
voltage curves are of the same general form as those of a vacuum photo¬ 
tube, since little ionization takes place below this voltage. 

The gas that is used in phototubes must meet a number of require¬ 
ments. It must not react with the electrodes or be absorbed by the 
electrodes or the tube walls, it should have a low ionization potential, 
and it ^hqxild have a low molecular weight in order that the positive ions 
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may be quickly accelerated. The only gases that do not react with the 
alkali metals used in the cathodes are the inert gases, helium, neon, 
argon, krypton, and xenon. The ionization potential of these gases 
decreases in the order in which they are listed, whereas the atomic weight 
increases. Argon gives a satisfactory compromise as regards these 



factors and is relatively inexpensive. Neon and helium are used in some 
tubes, but the use of argon is more common. 

The ratio of the sensitivity of a gas phototube at a given voltage and 
flux to the sensitivity obtainable at the same voltage and flux without 
ionization resulting from presence of gas is called the gas amplification 
factor. This factor depends upon the gas pressure. If the pressure is 
too low, the spacing between the gas molecules is relatively so great that 
there is slight probability that an emitted 
electron will strike a gas molecule in 
moving from the cathode to the anode. 

If the pressure is too high, on the other 
hand, the probability is great that an 
electron will be stopped by a gas molecule 
before it has been accelerated far enough 
to have acquired sufficient energy to cause 
ionization. As the pressure is increased 
from a very low value, the number of 
collisions made by an electron in moving 
from the cathode to the anode increases, 
but the kinetic energy acquired between 
collisions with molecules decreases. As the result of these opposing 
effects, there is an optimum gas pressure, which is found to be about 0.2 
mm Hg in the noble gases. 

The gain in sensitivity resulting from the use of gas is partly offset 
by a number of disadvantages. One, shown by Fig. 13-8, is the loss of 
linearity between anode current and flux, A second disadvantage is 



anode current vs. luminous flux 
for the type 868 gas phototube. 
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that a glow discharge may take place at voltages above about 90 The 
breakdown voltage falls with increase of flux, in a manner indicated 
roughly by the dotted curve in Fig. 13-7. Glow is objectiona,ble not 
only because it causes the current to be independent of illumination, but 
also because it may permanently reduce the sensitivity of the tube. 
The anode voltage must, therefore, be kept below the value at which 
glow breakdown can occur. Limitation of supply voltage to 90 volts 
makes the maximum output voltage that can be obtained less than that 
attainable with vacuum phototubes. To prevent destructive nse of 
anode current in the event that glow breakdown does occur, a resistance 
of 100,000 ohms or more must always be used in series with a gas photo- 
tube. Since a high resistance is also necessary in order to produce high 
voltage output, the need of such a resistance is not a disadvantage. 



Pig. 13-9.—Lag in response of a Fio. 13-10.—Dynamic responeo curve for typo 8((H gas 
gas phototube. phototube.- 

The third disadvantage resulting from the use of gas in phototubes 
is caused by the relatively large mass of the positive ions, because the 
time taken for a positive ion to pass from the vicinity of the anode to the 
cathode is appreciable, there is a perceptible time lag in the response to a 
change in flux. The manner in which a gas phototube responds to an 
abrupt increase and decrease of flux is shown in lUg. 13-9. The effect of 
the time lag is similar to that of inductance in the phototube circuit, as 
it tends to prevent changes of anode current and produces a phase 
difference between sinusoidal periodic light fluctuations and the resulting 
alternating component of anode current. It also causes the variational 
sensitivity of the tube to decrease with increase of modulation frequency 
of the light.’- This is illustrated by the dynamic response curve of Fig. 
13-10, which shows the relative variational sensitivity of a type 868 gas 
phototube as a function of modulation frequency. When a gas phototube 
is used in conjunction with an amplifier to convert changes of light into 

1 Modulation frequency, the frequency at which the illumination varies, should 
not be confused with the radiation frequency of the incident light. 
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sound, the effect of a drooping dynamic response curve can be offset 
by the use of an amplifier that has a rising frequency characteristic. 

13-9. Phototube Circuits. —The standard phototube symbol is shown 
in Fig. 13-11. Phototube currents are so small that a galvanometer 
is the only current-operated device that they can operate directly. One 
or more stages of amplification must be used in practical applications 
of the phototube. Since vacuum-tube amplifiers are voltage-operated 
devices, the changes of phototube current must be convex'ted into voltagq 
changes by means of impedance in series with the tube. Because the 
currents are very small, the impedance must be high, usually from 1 to 25 
megohms. Although transformers have been designed for use with 
phototubes, the difficulty of obtaining adequate primary reactance at 
the lower audio frequencies makes it simpler and cheaper to use resistance 
or resistance-capacitance coupling between the phototube and the 
amplifier. 

In order to simplify diagrams of circuits discussed in this chapter, all 
tubes are shown as triodes, and all direct voltage sources as batteries. 



Fkj. 13-11.-—Forward d-c phototube circuit. 



Fig. 13-12.—Reverse d-c phototube circuit. 


Tetrodes and pentodes of proper characteristics (Sec. 13-14) may be 
used in place of triodes, and batteries may be replaced by other types of 
power supplies. 

When a relay or other current-operated electrical device is to be 
controlled by changes of steady or average flux, a direct-coupled amplifier 
must be used. A circuit in which increase of illumination causes an 
increase in plate current of the amplifier tube is termed forward circuit; 
one in which increase of illumination causes a decrease of plate current 
is called a reverse circxdt. Figure 13-11 shows a simple forward circuit 
in which increase of illumination causes a relay to be energized. Figure 
13-12 shows a similar reverse circuit. It can be seen that, for the same 
tubes, the forward circuit requires less total supply voltage than the 
reverse circuit. 

By the use of a voltage divider, the various B and C batteries of 
Figs. 13-11 and 13-12 may be replaced by one voltage source, as in Fig. 
13-13. Degenerative feedback resulting from the flow of plate current 
through Ri reduces the sensitivity of the circuit. Because the amplifier 
must respond to changes of direct voltage, a by-pass condenser does not 
remedy this difficulty and Ri and R^ should be no larger than necessary 
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to limit the dissipation in these resistances to a reasonable value. Reduc¬ 
tion of sensitivity as the result of degenerative feedback also makes it 
inadvisable to use cathode self-biasing resistors in the amplifier stages of 
phototube circuits designed to respond to changes of steady illumination. 
If the resistances Ri and 722 are of proper size to give the correct filament 
or heater current, the filament or heater may be 
PO/X 1 inserted between these resistances. Only a single 
power supply is then required. If the relay is 
shunted by a condenser in order to by-pass the 
alternating component of plate current, or if a 
slow-acting relay is employed, the circuit of 
rig. 13-13 can also be used on an alternating 
voltage supply. The phototube and am})lifier 
then pass current during only one-lialf of the 
cycle. 

Improved forward and reverse a-c-operated circuits are shown in 
Figs. 13-14 and 13-15.^ The purpose of the grid condensers is to eliminate 
the difference in phase between grid and anode voltages resulting from tlie 
capacitance of the phototube and amplifier electrodes. The circiiit 
of Fig. 13-15 also functions if the polarity of the i)liototubc is revcn’sed. 
The grid condenser then charges during the half cycle in which tlie 



Fig. 13-13.—Forward 
phototube circuit using a 
single source of grid and 
and plate voltage. 



Fig. 13-14.—A-c-operated forward 
tube circuit. 



Fuj. 13-15.—A-c opc*iiii<‘d reverm' phc><«» 
tuim circuit. 


amplifier plate is negative and discharges through /2« during ilw positive 
half cycle. The average plate current of the amplifitu* tulie tlcpendH 
upon the average condenser voltage, which in turn deiMuulH u|)on the 
charging current and therefore the illumination. Th(! semsitivit}' of these 
a-c circuits is less than half that of the corresponding d-«? eircuits at the 
same voltages. The illumination at whi(;h tlui relay (dosc^s is adjusted in 

1 Although the phototube is shunted betw(^en the amplifier gri<l aiici plate in Figs. 
13*13 and 13-14, the only actual difference in the photntui^e cmincctitm frmn tiiiit in 
the circuit of Fig. 13-11 is that the phototulxs eurnmt fh^ws tlmnigh the relay. The 
voltage drop through the relay is small and so does not affect ihif c»|»criiti«)ri. * 
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the circuits of Figs, 13-11 to 13-16 by variation of grid bias of the 
amplifier tube. 

Another a-c~operated circuit is that of Fig. 13-16. The action is as 
follows: During the half of the cycle in which the anode and the amplifier 
plate are negative, a positive voltage is applied to the grid through the 
condenser C. The flow of grid current charges the condenser to a voltage 
approximately equal to the peak voltage between A and the side 
of the condenser adjacent to the grid being negative. During the half 
of the cycle that makes the plate and the anode positive, the grid is 
negative with respect to the cathode of the amplifier by an amount 
equal to the sum of the condenser voltage and the instantaneous voltage 
between A and B. If the phototube is dark, the charge on the condenser 
cannot leak off; but if the phototube is illumi¬ 
nated, the charge flows off through the photo¬ 
tube, lowering the negative voltage of the grid 
and increasing the plate current. Adjustment 
of the potentiometer varies the average grid bias 
and thus changes the illumination at which the 
relay closes. It should be noted that the circuit 
is in effect a bridge, the voltage of the grid 
during the negative half of the cycle depending 
upon the relative size of C and the sum of the 
pliototube and amplifier grid-to-plate capaci¬ 
tances. If C is too small, no charge is stored 
during the negative half cycle. If C is too large, on the other hand, the 
reduction of condenser voltage during the positive half cycle, caused by 
the phototube current, is too small and the sensitivity is low. A 0.0005-/i/ 
condenser gives satisfactory results with a type ()J5 amplifier tube and a 
0,00025-^/ condenser witli a type 6SJV amplifier. The over-all sensitivity 
is considerably higher with the 6SJ7 than with the 6J5 amplifier tube. 

13-10. Circuits for Measurement of Illumination.^ —The foregoing 
circuits may be used for measuring illumination if the relay is replaced 
by a meter. Because the vaiiation of plate current may be only a small 
fraction of the operating plate ciirrent of the amplifier, it is usually 
iKicessary to balance out the steady component of plate current in order to 
()l)tain accurate readings. This may be accomplislied by the circuit of 
Fig. 13-17. The voltage divider P is adjusted so that there is no differ¬ 
ence of potential across the meter and all the plate current flo ws through 
the resistance. Any change in plate current results in the flow of current 
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Fig. 13-16.^—“A-c-opcratcd 
forward photoiuibo circuit. 


^ B^or more complete treatments of this subject, see W. E. Eoesythb (editor) 
Measurement of Radiant Energy,'* McGraw-Hill Book Company? Inc., New 
York, 1937; also Knmi Hbnnby, ‘^Electron Tubes in Industry,’* McGraw-Hill Book 
Company, Tnc., New York, 1937. 
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through the meter. For high sensitivity the resistance R must be large 
as compared with the meter resistance, but increase of resistance necessi¬ 
tates an increase of plate supply voltage. Steady current can also be 
eliminated from the meter by the use of the two-tube balanced circuit 
of Fig. 13-18.^ This circuit is unaffected by fluctuations of battery 
voltage and reads linearly over a wide range of illumination. The meter 
in the circuits of Figs. 13-17 and 13-18 may be replaced by other types of 
current-operated devices. 



Fig. 13-17.—Phototube circuit for the meas- Fig. 13-18.—Balanced circuit for the meas¬ 
urement of illumination. uremont of illumination. 

13-11. Use of Phototubes in Phase-control and Trigger Circuits.— 
Phototubes can be incorporated in the thyratron phase-control circuits 
of Figs. 12-76 to 12-86, thus making possible the control of load current 
by light. The phototubes are used in place of the variable resistance 
elements in the phase-shifting circuits, being connected so that the photo¬ 
tube and thyratron anodes are positive during the same half of the cycle. 



(a) (b) 

Fig, 13-19.—Thyratron phaso-control circuits incorporating phototubes, by means of winch 
large currents may be controlled by illumination, 

.Because of the very high resistance of phototubes and the difficulty of 
obtaining comparable reactance at commercial frexiuencies by means 
of an inductance, a condenser must be used as the reactive element 
in the phase-shifting circuit. Two typical circuits are shown in Fig. 
13-.19. The function of the resistance R in circuit 6 is to provide a 
leakage path for electrons that collect on the grid side of the condenser. 

^ Eglin, J. M., J. O'pt Soc, Am,, 18, 393 (1929); Kollkr, L. R., J, Westmi fc, 
Eng., 36, 15 (1931). 
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Phototulw'H ttiay also b(i UKcd to control the trigger circuits of Secs. 
10-1 t o 10-5. Pliototulx's in scrieH with or in place of the resistances of 
Fig. 10-7 allow t lu' curront traasl'er to be initiated by the interruption of 
light b»*ams. Photot ul>(',s in parallel with or in place of the resistances 
He allow the ciKutit to be tripi)ed by increase of illumination. 

13-12. Limitations of Direct-coupled Circuits.—The circuits of 
Figs. 13-11 to I3-1S( n'Hpotul both to periodically repeated changes of 
ilhiniination and t-o HU.staincd changes of steady ilhimination. Greater 
Konsitivity may he <)l)t aimal by the use of an additional stage of amplifica¬ 
tion, directly coupk'd to the first, but it is then difficult to adju.st the 
circuit b) operate at dilTerent illumination levels, and small variations 
in the illumination h'vel alter the bias of the second stage. The difficulty 
of obtaining high amirlification in direct-coupled circuits imposes a 
lower limit to tlu' change in illumination that can be used to operate 


eireuits i>f this t ype. In adrlition to having 
relatively low sensitivity, these circuits are 
unsatisfactory for the amplification of 
m(Klulale«i light Ijccausc they arc thrown 
«Mit of adjustment by changes of average 
illumination. 



Fxo. 13-20.—Circuit for oou- 


13-13* Circuits for Use with Modulated vorting modulated light into 

Light.-To o.,.plHy only the varying com- or 

jM>nent of aiKaks curront produced by fluctuating or modulated light, as 
in the repriMluction of souiul recorded on film, the phototube is usually 
couphsl to the iimt amplifier tube by means of resistance-capacitance 
cMiupiing, as shown in Fig. 13-20. The coupling condenser prevents the 
variatimi (»f amplifier bias with changes of average illumination. or 
tlie first stage, any tyiic of amplifier having the desired characteristics 


tn»v UHwl. I-,. J.I 1 

V’ircuits in whii-h the phototube is coupled to the amplifier through 

a comii'iiscr can also lie inailc to respond to sustained changes in average 
or st.cadv illumination by interrupting the light periodically by means 
of a revolving tlisk containing evenly spaced holes or by interrupting 
the mmlv current. < hie ingenious form of the latter method ^ 

u« of an adilitional phototube m senes with the mam one. ^ g 
from an oscillating glow-iiisiihargo tube is allowed to fall upon th 
Huxiliarv phot,oiul>e, which therefore passes a pulsating current, the am¬ 
plitude‘of which varies with the illumination of the first ^ube. The 
freuucncv of intcrnn.tion is known as the earner frequmnj. Other 
L-hemes’make use of magnetic fields which deflect 

the Kerr cell, and of various types of oscillators. By these me . 

. Hu'aTBK, W., KMrmirH, August, 103.5, p. 245; Kwckykin, \ 

K, 1)., *• Photowlls »mi Their Applications," p. 206, John tViloy . -., 


York, 1084. 
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greater sensitivity to sustained changes of steady illumination may be 
attained than by the circuits of Figs. 13-11 to 13-18. 

13-14. Sensitivity of Phototube and Amplifier.—The theoretical 
sensitivity, or change of plate current per lumen change in light flux, of 
the circuits of Figs. 13-11 to 13-13 can be readily determined. For a 
vacuum phototube the change in voltage across the coupling resistor 
per lumen change of flux is equal to the product of the tube sensitivity 
in microamperes per lumen by the coupling resistance in megohms, or 

^ = sRo volts per lumen (13-4) 

Ar 

If the change of voltage is not too great, the resulting change of plate 
current is 

Aii = ——^ amp (13-5) 

Tp -t* Kb 

and 

^ amp per lumen (13-()) 

Ar Tp "T Kb 

in which the resistances measured in ohms and He in meg- 

ohms. The resistance of nailliammeters and of relays suitable for use 
in the plate circuit of an amplifier tube is usually negligible in comparison 
to the plate resistance of the tube, so that Eq. (13-6) may be simplified to 

^ S sg^R„ X 10-® ma per lumen (13-7) 

in which s is the phototube sensitivity in microamperes per lumen, 
is the amplifier transconductance in raicromhos, and Ii„ is the coupling 
resistance in megohms.^ If the cathode is uniformly illuminated or if 
the light is concentrated upon the cathode by means of a uniformly 
illuminated lens, the sensitivity can be expressed also in milliamperes 
per foot-candle change in illumination and is equal to ngJUA X U) ■* 
ma/ft-candle, where A is the effective cathode area or the area of the 
lens. It is important to note that the sensitivity is proportional to the 
transconductance of the amplifier tube. 

If the changes of flux are very large, the value of the transconductauce 
of the amplifier tube may vary considerably over the range of operation. 
A more accurate determination of the sensitivity of the circuit can tlum 
be made by using in place of gm the ratio of the change in plate current 
to the change in grid voltage, as determined from tlie plate diagram or 
the transfer characteristic of the amplifier tube. If a gas phototulic i.s 
used in place of a vacuum phototube, the phototube sensitivity is not 
constant, and the ratio of the actual change of anode current to the cdiango 
in flux should be used in place of s. This may bo dctermituul from the 
^ Note that vp, /x, gmj and s must be determined for the given operating points. 
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anode-circuit diagram or from a curve of output voltage vs. flux derived 
from it. 

13-16. The Anode Diagram.—^Anode diagrams similar to the plate 
diagrams of amplifier tubes are often of value in determining the per¬ 
formance of phototubes. An anode diagram for a vacuum phototube is 
illustrated in Fig. 13-21. The load line 

passes through the point on the voltage as /umen 

axis corresponding to the anode supply g ^ 0 4- 

voltage and makes an angle with the t - 

voltage axis whose tangent is equal to ^ ^- 

the reciprocal of the load resistance (ex- *§ . . . 

pressed in volts per ampere). Above ^ ^ 

saturation the characteristic curves of L_ 

Fig. 13-21 corresponding to equal incre- Anode Voltage ^bb Ebb' 
ments of flux are practically horizontal, Em. 13 - 21 .—Anode diagram for a 
equidistant, straight lines and therefore vacuum phototube, 

intersect the load line at equidistant points. This shows that if the 
anode voltage of a vacuum phototube is always sufficiently high to 
give saturation current, the current and the voltage across the load 
resistor are essentially proportional to the flux. 

Except over a very small range of voltage, the characteristics of gas 
phototubes are not equidistant, parallel, straight lines, and so the anode 
current and output voltage are not proportional to flux. The anode 


Anode Voltage ^bb 

Fio. 13-21.—Anode diagram for a 
vacuum phototube. 



0 10 20 30 40 50 60 70 80 90 e 

Anode Voltcjfge 

13-22.—-Anodo diagram for tho typo 918 gas ijbototubo. 


current may be expanded in an infinite series similar to the plate-current 
series for an amplifier tube. It is difficult, however, to evaluate tho 
coefficients of such an expansion in the solution of problems. It is more 
practical to determine the output voltage and harmonic content by means 
of the anode diagram. Figures 13-22 and 13-23 show the anode-circuit 
diagram of the type 918 phototube and the curves of output voltage vs. 
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kiminoixs flux which, are derived from it. Harmonic content can be 
determined from the anode diagram of Fig. 13-22 or the voltage-flux 
curves of Fig. 13-23 by the use of equations given in Chap. 4, in the same 
manner as for amplifier tubes. . 

It is important to bear in mind that the anode-circuit diagram and 
the curves derived from it do not take into account the lag in response 
of a gas phototube and are strictly applicable therefore only at frequencies 
below 100 or 200 cps. At higher frequencies accurate determinations 
can be made only by laboratory measurements. It should be noted 
that, when the a-c resistance of the coupling circuit differs from the d-c 


resistance, as 


0.02 0.04- 0.06 0,08 0.' 

Lumens 

Fia, 13-23.—Curves of output volt¬ 
age V8. luminous flux for the type 918 gas 
phototube with load, derived from the 
anode diagram of Fig. 13-22. 


T^pe 918 static and the dynamic load line must 

30 Photo tube be used in the anode diagram (see 

^ Secs. 4-9 and 4-10). 

^ 20 ^ 13-16. Design of Phototube Cir- 

:> / cuits.—The fact that the anode cur- 

t 10 ,/ I ^ vacuum phototube is 

■S _^ practically independent of anode volt- 

° __ age above saturation means that the 

0.02 0.04- 0.06 0.08 0.1 anode current is also independent of 

Fia. i3-23.-c,,tvoTTf'output volt- resistance if the anode volt- 

age V8. luminous flux for the type 918 gas always abovc Baturatiori. The 

aLlfSrImofX’therefore increases 

linearly with coupling resistance. If 
the coupling resistance is made very large, however, the anode voltage 
may fall below saturation at high values of flux, destroying the linearity 
between current and flux, as shown by the load lino MV in Fig. 13-21. 
This difficulty can be remedied by increasing the anode supply voltage 
as indicated by the load line The size of the coupling resistance 

that^ can be satisfactorily used at a given maximum flux is limited by the 
maximum allowable anode voltage (usually not less than 250 volts in 
vacuum phototubes), by tube and circuit leakage conductance, and by 
reastor “noise.” With special care in the elimination of circuit and 
tube leakage it is possible to use properly designed coupling resistors as 
large as 100 megohms, but ordinarily it is not advantageous to exceed 
^5 megohms. When extreme sensitivity is essential, an in the measure¬ 
ment of minute quantities of light, leakage in the phototube and photo¬ 
tube socket should be minimized by the use of a phototube in which the 
anode terminal is at the top of the tube, and of low anode voltage. If 
the anode voltage is kept below 20 volts, the danger of ionization of resid¬ 
ual gas m vacuum phototubes is avoided. Grid leakage in the amplifier 
tube 18 reduced by the use of low screen and plate voltage and low cathode 
emperature. High sensitivity may be attained without the need of high 
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anode supply voltage by using a pentode^ (see Fig. 6~6) or a second photo¬ 
tube^ in place of the coupling resistor. The illumination of the second 
phototube may be maintained consta,nt or may be decreased when that 
of the first is increased. 

When gas phototubes are used in the conversion of modulated light 
into alternating voltage or current, the harmonic content of the output 
increases with coupling resistance. Allowable amplitude distortion 
therefore usually limits the coupling resistance to 1 or 2 megohms. In 
control circuits, however, large values of coupling resistance can also be 
used with gas phototubes. 

As explained on page 157, danger of cumulative increase of plate 
current as the result of primary and secondary grid emission and of 
ionization of residual gas imposes a limit on the grid-circuit resistance 
that can be used with many amplifier tubes at rated plate voltages. 
To make use of the large values of coupling resistance that are desirable 
in order to give high sensitivity, it is necessary, therefore, to use low 
values of plate and screen operating voltage. This is normally not a 
disadvantage, since enough plate current to operate small relays may be 
readily obtained with most tubes at plate voltages of 100 or less. A sec¬ 
ond amplifier stage, operated at normal voltages, may be used if necessary. 
Care must also be taken to ensure that the allowable amplifier plate dis¬ 
sipation is not exceeded for any value of light flux at which the phototube 
is operated. Since Hi drop in the grid resistor prevents the application 
of appreciable positive voltage to the grid, ample protection is usually 
afforded by the use of sufficiently low plate and screen supply voltages 
so that the allowable plate dissipation is not exceeded when the grid 
voltage is zero. 

13-17. Secondary-emission Multipliers.—The high amplification 
necessary for the conversion of modulated light into voltage and current 
in the reproduction of sound recorded on film, and in television, may be 
obtained not only by the use of conventional amplifiers, but also l)y mak¬ 
ing use of secondary emission.^ The basic construction of one type of 
secondar 3 ''-emisBion multiplier is shown in Fig. 13-24.’* Photoelectrons 
emitted by the cathode are drawn to the first anode by means of electro¬ 
static field. The secondary electrons from this anode, and reflected 
primary electrons, are drawn to the second anode where secondary 
emission also takes plaee. The process is repeated at successive anodes, 
each of which is at a higher potential than the preceding one. Since 

1 Shei>ard, P. H., Je., RCA Hev.^ 2,149 (1937); Buia., IT, S., and LAifFBETY, J. M., 
Electronics^ November, 1940, X). 31 and Dcecmbor, 1940, x). 71. 

2 Iamb, IL, and Sambbeg, B., Proc. LR.E,, 23, 55 (1935). 

® Zworykin, V. K., Morton, G. A., and Maltee, L., Proc. LR.E., 24, 351 (1936). 
See also supplementary bibliography on pp. 561-563. 
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each primary electron may knock out 5 or more secondary electrons, very 
high current amplification is obtainable by the use of 8 or 10 anodes. 

Focusing of the electron beam between anodes may be accomplished 
either by electrostatic field alone or by a combination of crossed electro¬ 
static and magnetic fields. The general arrangement of a multiplier 
based upon the use of crossed magnetic and electrostatic fields is shown 



Fia. 13-24,—Diagram showing the basic principle of operation of a sooondary-emiHHion 

amplifier tube. 


in Fig. 13-25. It consists of two rows of electrodes, the bottom row being 
cesium-treated secondary emitters, while the upper row serves solely to 
maintain a transverse electrostatic field between the two sets of elements. 
Each target in the bottom row is made positive with respect to the pre¬ 
ceding one so that it will produce secondary electrons when struck by 
electrons originating from the latter. Each upper field electrode^is 
maintained positive relative to the target just below it by an internal 



fIg. 13-25.—Arrangoxnent of oloctrodes in Hocondary-omiMMion ciimnU inulttfilior 
crossed magnetic and electric fields. 


connection to the next target. A magnetic field is cfitaldinhwl in t Ik- tube 
at right angles to its axis and to the electric field between t he two nnvs of 
plates. Electrons leaving any of the targets are deflected f)y the com¬ 
bined fields in such a way that they strike the ne.xt target, giving ris© 
to new secondary electrons which are in turn defiet^ted onto anot her target 
and so on, through the tube. The voltages necessary for the various 
anodes may be obtained from a single voltage source by th«! use of volta^ 
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dividers. A voltage divider for a number of the earlier stages, which 
need carry only small currents, may be incorporated in the tube. 

In another type of electron multiplier the electrons are caused to 
move back and forth between two electrodes by means of a high-frequency 
electric field. ^ 

By means of electron multipliers an amplification of several million 
and a sensitivity of ten or more amperes per lumen may be obtained with a 
single tube which is not much larger than a receiving tube. The saving 
in bulk and the gain in simplicity are obvious advantages. A more 
important advantage of such a tube over a conventional amplifier and 
phototube is a great reduction of noise-to-signal ratio. In addition, the 
multipliers are very stable, are insensitive to external interference, and 
have an excellent frequency characteristic. The power required for 
their operation is comparable with that required for a conventional 
amplifier. The type 931A is a typical electron-multiplier tube. 

13-18. Special Photoemissive Tubes.—A number of special tubes 
have been devised that incorporate phototubes and glow tubes or photo¬ 
tubes and amplifiers in a single envelope. An example of the former 
is the photoglow tube, developed by Knowles, in which the glow is initi¬ 
ated by light falling upon the cathode, which is designed to give high 
photoelectric emission.^ Some receiving tubes show appreciable sensi¬ 
tivity to light, the plate current changing when light falls upon a free 
grid.'^ By special treatment of the grid the sensitivity can be greatly 
enhanced,^ Ordinarily it is more satisfactory to use separate tubes 
to perform the functions of the phototube and the glow tube or 
amplifier. 

An interesting and valuable application of photocmission is made 
in the iconoscope, which is used in television transmission and in electron 
telescopes.^ An understanding of the operation of the iconoscope 
requires a knowledge of the principle of television 'hscanning,’^ which 
is beyond the scope of this book. The interested reader shoxild refer 
to the literature or to books on television. 

13-19. Photoconductive Cells.—The photoconductive effect was dis¬ 
covered in 1871 and discussed in 1873 by Willoughby Smith, who reported 
a change in the resistance of the crystalline form of selenium with illu¬ 
mination. Although a number of semiconducting substances, such as 
thalium oxysulphide and molybdenite, are now known to be photo- 

^ Faenswortu, P. T., /. Franklin Inst,, 218, 411 (1934); Electronics, August, 
1934, p. 242, November, 1935, p. 31. 

2 iXwoEYKiN and Wilson, op, cit., p. 214, 

^Asada, T., and Hagita, K., J. Inst, Elec, Eng, Japan, 61, 8 (1931); Kobohel, 
W. P., Electronics, December, 1932, p. 372; McIlvaine, H. A., Electronics, August, 
1933, p. 224. 

^ y.wOEYKiN, V. K., Proc. LR,E,, 22, 16 (1934). 
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conductive,’- selenium is still used in most photoconductive cells. Early 
selenium cells were made by covering two closely spaced conductors 
with a thin coating of amorphous selenium, which was subsequently 
converted into crystalline selenium by heat-treatment. The conductors 
were commonly made in the form of interlocking metallic combs or of 
two wires wound close together on a nonconducting frame, as shown in 
Fig. 13-26. Modern cells are made by condensing selenium vapor in a 
thin filrh upon a double grid of gold or platinum fused to or sputtered 
upon a glass plate. The glass is maintained at the proper temperature 
so that the film is deposited in the crystalline form. 

The photoconductive effect is thought to be caused by the emission 
of electrons within the material. In their motion under the influence of 

applied voltage, these photoelectrons 
produce other ionization. Equilibrium 
is established when the rate of recom¬ 
bination becomes equal to the rate of ion 
formation. This theory is in agreement 
with experimentally observed laws. It 
is found experimentally that (1) for a 
short time after the light is applied, 
before much displacement of positive 
Fig. 13-26.—Xwo forma of grids used ' ions or appreciable secondary ionization 
in selenium cells. takes place, the change in current result¬ 

ing from illumination is proportional to the incident flux; (2) for 
exposures of sufficient length to enable the current to reach equilibrium, 
the current is proportional to the square root of the incident flux; (3) with 
rapidly fluctuating light the alternating current is proportional to the 
incident flux and inversely proportional to the frequency of fluctuation. 
The lag in the response of a selenium cell is caused mainly by the low 
velocity of the relatively heavy positive ions. The dependence of current 
upon time of illumination and the related falling dynamic response curve 
make the photoconductive cell unsatisfactory for the undistorted con¬ 
version of modulated light into voltage or current. 

Unlike the phototube, the photoconductive cell passes appreciable 
current when it is dark, the dark resistance of commercial cells ranging 
from about 100,000 ohms to 25 megohms. The ratio of light to dark 
currents may be as high as 25 but is more commonly about 8 or 10. 
The current capacity does not usually exceed a few milliamperes, but by 
proper design may be increased to as much as J amp. The sensitivity 
is directly proportional to the voltage across the cell, and consequently 
cells are usually operated at as high voltage as po.sHible without over¬ 
heating and subsequent breakdown. In Figs. 13-27 and 13-28 are 
1 Pfund, a. H., Phys. Rev. (2), 7, 661 (1917). 
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Because the cell resistance at a given value of illumination is independent 
of cell voltage, the current-voltage curves are straight lines and may be 
readily derived from a single static curve of current vs, illumination at 
any voltage. A family of current-voltage characteristics, together with a 
number of load lines for 120-volt supply voltage, are illustrated in Fig. 
13-29. It can be seen from this diagram that the change in current per 
foot-candle change in illumination, and hence the current sensitivity, are 
a maximum for zero load resistance and decrease rapidly as the load 
resistance is increased. The change in voltage across the load resistance 
per foot-candle change in illumination, and hence the voltage sensitivity, 
pass through a maximum as the load resistance is increased. With 
small changes of illumination, maximum voltage sensitivity is obtained 
when the load resistance is approximately equal to the average resistance 

of the cell in the range of operation. 

13-20. Photovoltaic Cells 
(Barrier-layer Cells).—The photo¬ 
voltaic effect was first observed by 
BecquereV who discovered that an 
e.m.f. is set up between two elec¬ 
trodes immersed in an electrolyte 
when one of the electrodes is illu¬ 
minated. Two cells based upon 
the Becquerel effect were the 
Rayfoto cell, which employed a 
cathode of cuprous oxide on copper 
Fio. 13-30.—Curves of current vs. iiiumina- and an anode of lead m an electro- 
tion for the Eayfoto cell. lyte of lead nitrate; and the Photo- 

lytic cell,2 which was similar in construction but which employed 
cuprous oxide on copper for both electrodes, thus eliminating voltage 
when the cell was dark. Curves for the Rayfoto type of cell, taken from 
an article by Fink and Alpern,^ are shown in Figs. 13-30 and 13-31. 
It can be seen that the current is proportional to the illumination when 
the cell is short-circuited, but that external circuit resistance destroys 
the linearity and also results in considerable reduction of current sensi¬ 
tivity. Bending of the curves at high values of external resistance results 
from internal leakage conductance, which increases with illumination and 
thus reduces the effective load resistance. The response of this cell to 
fluctuating light falls rapidly with increase of light-modulation frequency, 
so that it is not satisfactory for converting modulated light into sound. 

^ Becqxjbebl, E., Compt. rend.^ 9, 144, 561 (1839). 

^ Although these cells are no longer on the market, they are still of theoretical 
interest. 

^Fink, G., and Alpeen, D. K., Trans. Am. Blectrochem. Soc,, 58, 275 (1930). 
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A more recent type of photovoltaic cell, the barrier-layer cell, is made 
of a layer of cuprous oxide in very close contact with a metal, usually 
copper, gold, or platinum, or of a thin layer of iron selenide on iron. 
It is found that illumination of the boundary or barrier plane between the 
compound and the metal sets up an 
e.mi. and that current flows if the 
compound and the metal are con¬ 
nected through an external circuit. 

The phenomenon, which is now 
known to be caused by the emission 
of electrons from the compound 
into the metal, was first observed 
by Fritts in 1884 in the course of 
experiments on selenium cells. ^ 

Improvements in design and manu¬ 
facture have resulted in selenium^ 
and cuprous oxide^ barrier-layer 
cells capable of producing currents 
of 100 jua or more per lumen. 

There are two forms of barrier- 
layer cells. In the first, called the 
hack-effect cell, the cuprous oxide or 
iron selenide is deposited upon the 
metal in the form of a thin layer. 
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F[u. 13-31.—Curves of generated volt¬ 
age vs. illumination for throe types of x>hoto- 
voltaic cells. 


The light passes through the com¬ 
pound to the metal, as shown in Fig. 10-32a, the photoelectric action 
taking place at the boundary between them. IDlectrons flow across the 
boundary from the oxide or selenide to the metal, and the conventional 
direction of current in the external circuit is from tlie compound to tlie 
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Frtj. 13-32.—Arrangement of olo(5trodo« in ba(?k-elToet and front-effect barrier-layer cells. 


metal CJontact to the compound is made by means of a conductor 
pressed against the compound or by means of a thin layer of metal 
sputtered on the compound near the outer edge of the surface. Because 
of absorption of the light of shorter wave lengths in the oxide, the cur¬ 
rent-wave-length characteristic of a cuprous oxide back-effect cell shows 
a maximum at the red end of the spectrum, 

1 Fritts, C. F., Proc. Armr, Asso, Adv, Science^ 33, 97 (1884); Adams, W. G., aad 
Day, II. E., Proc. Roy. Soc. (London), 26, 113 (1877). 

2 Bergmann, Fhysik. Z., 32, 286 (1931). 

» Lange, B., Physik Z., 31, 139 (1930). 
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The second form of cell, called the front-effect cell, is made by sputter¬ 
ing a thin film of silver, gold, or platinum on the exposed surface of the 
cuprous oxide or selenide layer, which is formed on the metal as in the 
back-effect cell. Light enters the cell through the sputtered film, as 
shown in Fig. 13-326. Emission of electrons takes place at l)oth surfaces 
of the oxide or selenide but is greater at the front surface, causing the 
sputtered film to become negatively charged with respect to tlie metal 
and resulting in current in the conventional sense from the metal to the 
sputtered film through the external circuit. Absorption of light by the 
sputtered film is small, and the peak of the spectral sensitivity curve is 
at the blue end of the visible spectrum. 

The short-circuit current of a barrier-layer cell, like that of an elec¬ 
trolytic cell, is directly proportional 
to the total flux incident ui)on the 
surface and is independent of the 
area illuminated. The introduc¬ 
tion of external resistance dc^stroys 
the linearity between current and 
flux and reduces the current sensi¬ 
tivity, the curves of current vs. 
illumination being similar to those 
of Fig. 13-30. The internal series 
resistance of the cell results almost 
entirely from the fact that the 
emitted electrons must pass along 
the poorly condiHding layer of 
cuprous oxide or iron selenide from 
the point of emission to the external contact. The res|)()nse of !)arrier- 
layer cells to fluctuating light falls rapidly with increases of modulation 
frequency because of the relatively high capacitance l)etween the two 
surfaces. 

The Photox cell is an example of a front-effect cui)rou8 oxides cell 
It has a current sensitivity of 100 jua/lumen, a catliodc atxui of 0.02 hc| ft, 
and produces a voltage of 0.2 volt with a 50-ft-candlc^ iliuniimition. A 
curve between cell voltage and illumination is shown in Fig. 13-3 L 

The Photronic cell is an iron selenide cell. Tlie cluu*iu;tcvriHtics of 
the Photronic cell are shown in Figs. 13-31, 13-33, 13-34, and 13-35. 
The manufacturers state that the response of tlic cell do(*H not vary over 
long periods of time. It does, however, show a certain amount of fatigue, 
as shown by Fig. 13-35, and is sensitive to ternixirature chang(‘H. I iectause 
of high interelectrode capacitance, the response to modulated light is 
poor. For 100 per cent response at 60 cps, the rc'sponse is 58 pew cent 
at 120 cps, 30 per cent at 240 cps, and 6.4 per cemt at 10(K) cps. The 



Fig. 13-33.—Curves of current m. illumina¬ 
tion. for the Photronic cell. 
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ceil is unsuited, therefore, to the conversion of modulated light into 
alternating current. The internal resistance of the Photronic cell 
differs from that of the Photox cell, necessitating differences in the design 
of circuits.^ 

The chief advantage of photovoltatic cells lies in the fact that they 
require no external voltage supply.^ Relays have been designed to 


Fig. 



Angstroms 

13-34.—Curve of relative response vs, wave length for the Photronic cell. 


operate directly from photovoltaic cells, but, because the resistance of 
the relay reduces the current sensitivity, it is difficult to obtain high 
armature torque. The generated voltage is so small that an amplifier 
of high current sensitivity is required if an amplifier is used between 
the cell and the relay. A single-stage amplifier is ordinarily inadequate. 
Even for small values of flux, for which the voltage sensitivity is high, the 
Photronic cell has a sensitivity of only about 25 mv/lumen, and the 
Photox cell about 50 mv/lumen. 

This is very small as compared with 
the 500-volt/lumen sensitivity ob¬ 
tainable even with the vacuum type 
of phototube. The voltage sensi¬ 
tivity of photovoltaic cells may be 
increased by series operation of units, 
and the current sensitivity by par¬ 
allel operation. The photovoltaic 
cell finds one of its principal ap¬ 
plications in photometry. In com¬ 
bination with a low-resistance microammeter it makes a simple and 
rugged foot-candle meter. 

13-21, Comparison of Phototubes, Photoconductive Cells, and 
Photovoltaic Cells. —From the point of view of linearity of response, 
absence of time lag, and freedom from fatigue and temperature effects, 
the phototube is far superior to either the photoconductive or the photo¬ 
voltaic cell. It givers the highest voltage output of the three types but 
has low current output and low current sensitivity. Because of its high 

^ lUxiTLKTT, C. H., Rev. ScL Instruments^ 3, 543 (1932). 

^ Lamb, A. II., Instruments, 6, 230 (1932). 
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voltage output, however, it may be efficiently used with an amplifier 
in the operation of current-controlled apparatus. The poor dynamic 
response of photoconductive and photovoltaic cells makes them imsuit- 
able for the conversion of modulated light into sound, but they have 
the advantage of ruggedness and relatively high current output, which 
makes possible the direct operation of relays or meters if relatively large 
changes of illumination are available. The photovoltaic cell has the 
additional advantage of not requiring an external voltage sourcje. Since 
the voltage output of a photovoltaic cell is small and indepcmdent of 
load resistance, the current sensitivity of a single-stage amplifier is 
insuSicient to increase the current change available to operate a relay. 
Because of the inconvenience and expense involved in the use of a two- 
or three-stage d-c amplifier, it is usually not advantageous to use an 
amplifier in conjunction with a photovoltaic cell. Low-resistance relays 
and comparatively large changes of illumination are consequently 
required. The over-all voltage or current sensitivity of a photocondue- 
tive-cell circuit may be increased by the use of an ami)lifier. 

Problems 

13-1. Criticize the circuit of Fig. 13-36. (Six errors.) 



Fig. 13-36.—Circuit diagram for Prob. 13-1. 

13-2. The following data apply to a photoelectrically controlled relay: 


Phototube sensitivity. 7 /lumen 

Phototube cathode area. 1 sq in. 

Amplifier tube..... 1Y|K! (US 

Coupling resistor. B megohms 

Relay operating currents.... |8 irm, closing 

(7 ma» openitig 

Relay resistance... KKX) ohms 


a. Draw the diagram of a circuit in which increase of illurnimiiton will ctuwe the 
relay to be opened. All phototube and amplifier voltages arcs to \m derived from a 
single 220-volt d-o supply. 

^ h. Specify values of resistance that will provide tlie filament current and 

suitable values of plate voltage and adjustable biasing voltllg(^ 

c. Specify the value and polarity of the O-supply voltages that will just apmi the 
relay at a phototube illumination of 72 ft-candlcs, I'hcs sourcie of light is n tungsten 
filament operated at 2870°K. 

d. How much must the illumination be decreased to causa tlm relay to cloic? 









LIGHT-SBNBITIVE TUBES AND CELLS 


561 


13 - 3 . The following data apply to a phototube-amplifier-relay circuit: 


Phototube. 

Phototube cathode area. 

Amplifier tube. 

Coupling resistance. 

Kelay resistance. 

Relay closing current. 

Relay opening current. 

Phototube anode supply voltage (including biasing 

voltage). 

Amplifier plate supply voltage. 

Light source. 


Type 868 (see Pig. 13-7) 

0.9 sq in. 

Type 6J5 
1 megohm 
1000 ohms 
6 ma 
4 ma 

90 volts 
90 volts 

Tungsten filament at 2870°K 


а. Show the circuit diagram for a circuit in which increase of illumination causes 
the relay to close. 

б. Prom the plate characteristics of the type 6J5 tube find the grid voltages at 
which the relay will open and close. 

c. Prom the characteristic curves of the type 868 phototube (Pig. 13-7), plot a 
curve of voltage across the coupling resistor as a function of light flux. 

d. Prom the curve of (c) determine the grid supply voltage necessary to open the 
relay when the incident flux is 0.2 lumen. 

e. Determine the change in illumination, in foot-candles, necessary to close the 
relay after the circuit is adjusted as in (d). 

13 - 4 . a. Plot curves of per cent second and third harmonic in the voltage output 
of a type 918 phototube operated from an 80-volt supply witli a 7-megohm load, as a 
function of incident light flux for 80 per cent and 100 per cent modulation of incident 
light. 

h. Kepea.t for a load having a d-c resistance of 10 megohms and an a -(5 resistaru'.o 
of 7 megohms at signal frequency. 

13 - 5 . Determine the factor by which the current scale of th(^ current-voltage ^ 
characteristics of a type 868 gas phototube must })e multiplied in orden* that the 
characteristics shall hold for a light source whose energy dIstril)uion is given l)y the 
following table: 


Wave length, 
angstroms 

Relative 

energy 

Wave length, 
angstroms 

Relative 

energy 

Wave letigtli, 
augstroniH 

Relatives 

energy 

3000 

0 

5500 

42 

8000 

15 

3500 

1 

6000 

65 

8500 

6 

4000 

6 

6500 

93 

9000 

2 

4500 

14 

7000 

too 

9250 

0 

5000 

25 

7500 

55 
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CHAPTER 14 
POWER SUPPLIES 


The practically uniyersal use at the present tunc of alternating current 
in the transmission and distribution of electric power necessitates the 
use of some means for converting to direct current m certain app ica- 
tions of electric power. Although this may be accomt>lished by rotary 
converters or motor-generator sets, it is often simpler cheaper, and more 
efficient to use electronic rectifiers. Other advantages of electroruc 
rectifiers include quiet operation, ease and speed of starting and, in 
mercury pool types, long life, high momentary overload capacity, and 
immunity to damage from short circuits. Outstanding applications of 
electronic rectifiers are made in supplying direct voltages for electric 
railways, for electrolytic plants, and for the operation of electron tubes. 

Since the output of a rectifier is pulsating, and the voltage used m 
most tube circuits must be nearly free of pulsation, rectifiers that supply 
direct voltages to tubes must be followed by smoothing filters. In 
order to prevent interference in adjacent communicafdon lines, it is also 
important to keep the ripple small in the distribution of rectified currents. 
Because of the many factors involved in rectification and filtering, only 
the principal aspects of the subject are presented in this chapter, and 
emphasis is placed upon rectifiers and filters for use with vacuura-tulie 
amplifiers and other vacuum-tube circuits. 

14-1. Definitions.—A rectifier is a device having an asymmetrical 
conduction characteristic which is used for the converBion of an altt'rnat- 
ing current into a current having a unidirectional component. Such 
devices include vacuum-tube rectifiers, gaseous rectifier-s, oxide (harrier- 
layer) rectifiers, and electrolytic rectifiers. A half-wave rectifier is a 
rectifier that changes alternating current into pulsating current, utilizing 
only one-half of each cycle. A full-wave rectifwr in a double-element 
rectifier arranged so that current is allowinl t,o pass to the load (‘ircuit 
in the same direction during each half cycle of the alternating supply 
voltage, one element functioning during one half cycle and anoth<>r during 
the next half cycle. 

The alternating component of unidirectional voltage from a rectifier 
or generator used as a source of d-c power is calknl ripple voltage. The 
ripple voltage is not generally sinusoidal and may, therefore, be analj'zed 
into fundamental and harmonic components. 

6C4 
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The importance of the ripple voltage relative to the d-c eoinponcnt 
of the rectifier or filter output voltage is often specified by nieaiis of the 
per cent ripple, which is defined by the Standards Committee of the Insti¬ 
tute of Radio Engineers^ as the ratio of the r-m-s value of the lipple 
voltage to the algebraic average value of the total voltage, expressed in 
percentage. The effectiveness of a smoothing filter increases, howewer, 
with the frequency of the voltage input to the filter. Furthermore, in 
all but the half-wave single-phase rectifier, the amplitudes of the ripple 
harmonies decrease rapidly with increase of the order of the liarmonics. 
For these reasons, if a filter is designed to produce adequate filtering 
at the fundamental ripple frequency, the ripple harmonics will usually 
be reduced to negligible values, and so only the fundamental component 
ot ripple voltage need be considered in designing the filter. The ratio 
of the effective value of the fundamental component of ripple voltage 

to the average (direct) value of the total voltage will be called the ripple 
factor. 

The effectiveness of a smoothing filter in removing a comiionont of 
ripple voltage of any frequency may be indicated by the effect that it 
vrould have upon a sinusoidal voltage of that frequency. The ratio 
of the amplitude of a sinusoidal voltage of given frecpieney imriressed 
upon the input of a filter to the amplitude of the resulting KimiKoi<ial 
out^t voltage will be termed the smoothing factor at that freiiueucy 

The following symbols will be u.sed: 


Supply frequency. 

Fundamental ripple frequency. . \ 

Effective value ot fiinda,mental component of rippli^ voltage aV filter *' 
input... 

Average value of total output voltage... ^ .. p' 

Ripple factor at input to filter, A’n/B*.. 

Smoothing factor at any frequency. ■ • • ■ Pi 

Smoothing factor at fundamental ripple frequency. ' «, 

Primed symbols will be used to indicate values at the outiiut of the 
filter (across the load). ‘ 

14-2 Basic Rectifier Circuits.-Two of the simpIcHt and most 

nW ^fn [ r half-wave and single- 

half-wave (unfuit 

of Fig. 14-la makes use of only one-half of each cycle of tlie alfernatinir 
voltage. In the full-wave circuit of Fig. 14-16, on the other hand, 

both circuits diode rectification causes current to flow through the load 
in only one direction. The duration of plate-current flow the mae:nitiide 
and regulation of the direct output voltage, the ripple factor, and other 
" 1933 Report of I.R.E. Standards Committee 
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characteristics of the circuits depend upon the load, which in Fig. 14-1 is 
assumed to include the smoothing filter, if one is used. 

In the circuits of Fig. 14-1 the direct output voltage cannot excc'cnl 
the crest value of the alternating voltage impressed upon one plate 
circuit. In many applications, however, particularly when it is desired 
to reduce cost and weight by eliminating the input transformer, it is 
advantageous to obtain output voltage in excess of the crest alternating 



Fig. 14~1. — (a) Half-wave rectifier, (b) Full~wavo rectifier. 

voltage. This may be accomplished by means of voltage multiplier 
circuits. The full-wave voltage doubler, shown in Fig. 14-2a, consists 
essentially of two half-wave rectifiers. The two condensers are charged 
in alternate half cycles through two rectifier tubes. Since the load 
voltage is the sum of the average condenser voltages, the load voltage 
approaches twice the crest alternating voltage at light loads (high load 
resistance). In the half-wave voltage doubler of Fig. 14-26, the con¬ 
denser Cl is charged to crest alternating voltage through Ti during one 
half cycle. During the following half cycle the voltage of this condenser 
is added to the impressed voltage in the circuit of Tt, causing the con- 



(a) (b) 

Fig. 14-2.—(a) Full-wavo voltage doubler. (6) Ualf-wiivo voltngo tlt.ubl»»r. 


denser to be charged to approximately twice the crest alternating 
voltage. The circuit of Fig. 14-2a has the advantages over that, of Fig. 
14-26 of lower voltage regulation, higher ripple freciuency, which i.s (‘tisier 
to filter, and lower condenser voltage. The (‘.ircuit of Fig. 14-26, on the 
other hand, has the advantage of a common input and output terminal. 

Figure 14-3a shows a voltage quadnipler in which two half-wave 
voltage doublers are connected in series.' By leaving out th<> tube Tt 

^ Garstang, W. W., Electronics, February, 1932, p. M; Honnki.i,, M. A., Com- 
mtimeafoons, January, 1940, p. 14. See also “The Radio Amateur's Handbook.” 1039 






and shortcircuiting tlie condenser Cij this circuit can readily con¬ 
verted into a voltage tripler.^ Another voltage quadrupler l)aso(l u|)oii 
the half-wave doubler is shown in Fig. 14- 3/y. ^ In this circiuit all <‘nnUr 
ing input voltage is impressed upon the upper voltage doulder (iiidi(*ai,tal 
by primed symbols) through the condenser <72- This circuit has t.lu^ 
advantage over that of Fig. 14-3n of having a common input and outi)ui* 
terminal; but the condenser Ci is subjected to a maximum voli.agx^ 
equal to three times the crest alternating voltage. Voltage muli.i|)li<*a- 
tion of any desired ratio may be attained in this circuit by tlu^ us(\ ol 
additional voltage-doubler stages. The common in})ut and oiilvput 



Fig. 14-3.—Voltage quadrupling circuits. 


terminal can be changed from positive to negative by I'eversing all 
tubes. 

Because of the differences of potential between the variou.s eathodeH 
in voltage multiplier circuits, it is necessary to use either Hoparate 
filament transformer windings or heater-type rectifier tubes witli ade<iuat«^ 
insulation between the cathodes and heaters. Special rcKitifier tuhes 
having two diodes heated by a single heater coil have betui developed 
for voltage-doubler service. One such tube i.s the 2.')Z5. 

Polyphase rectifier circuits are shown in Tal)le 14-1, pag(^ 571. 

14-3. Choice of Rectifier Tubes and Circuit.-.- fidie choice f)f 

tubes and circuit involves a number of factors, of whitih the following 
merit special consideration: 

1. Type of Rectifier Tubes .—The low voltage drop of mcircury vapor 
tubes results in higher efiiciency of operation than with liigh-vtieiuim 
tubes and, because the drop is practically constant througliout f.lie work¬ 
ing range of current, the voltage regulation is better than with higli- 

» Waidblich, D. L., Electronica, May, 1941, p. 28. 

^Cockcroft, J. D., and Walton, E. T. S., Proc. Hot/. Hoc {Lomlon\, 186, «I9 
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vacuum tubes. For a tube of given size and given filament power the 
mercury vapor tube will pass higher current than the high-vacuum tube. 
The peak voltage of the mercury vapor rectifier is limited, however, 
because of danger of glow and subsequent breakdown into an arc tluring 
the half of the cycle when the anode is negative. The hot-caf,liode 
mercury vapor rectifier is much more subject to damage due to ov(irload 
or low cathode temperature, and adequate provision mu.st be made fx) 
ensure that the anode voltage will not be applied before the cathod(^ has 
reached operating temperature. Another disadvantage of mercury 
vapor rectifiers is that anode current does not flow unless the ai)i)lied 
voltage exceeds the normal tube drop. The resulting abrupt chat)ge.s 
of current at the beginning and end of the firing period produce ol)jc('- 
tionable transient and high-frequency disturbances. Provision must 
be made to prevent these disturbances from affecting other apiiaratus or 
from being transferred to the a-c line or being radiated. 

Grid-controlled arc rectifiers are advantageously used in large powu'r 
supplies for radio transmitters.* The use of phase control affords a 
simple method of reducing the direct voltage during starting, in ord(;r to 
prevent large charging surges in the filter condensers and damage to the 
transmitter tubes. The grids may be used to provide high-speed auto¬ 
matic regulation of the direct voltage. Grid control also makes po,ssiblo 
interruption of the anode current within one cycle of the supidy fre<iuenev 
when a short circuit or other overload occurs. The circuit may Imj 
designed so that the energy stored in the filter is returned to the liiie by 
inverter action, instead of being dissipated in a flashover arc. 'rhe 
likelihood of arcback (current flow in the reverse direction) in mercury 
arc rectifiers is reduced by the use of grids. 

Grid control affords a convenient means of keying in radio telegraph 
transmitters. 

2. Transformer Design.—TU design of the transformer or trans- 
formers is dependent upon the type of circuit and tuhea, Fact.orB tliat 
must be taken into consideration are the primary and secondary volt- 

amperes, the secondary voltages, and insulation re<iuired Iwtween 
windings. 


3. Efficiency. The efficiency of operation depeiuLs upon the trana- 
ormer and tube efficiencies. Tube efliciency, as already stated, is 
greater for mercury arc rectifiers than for high-vacuum rectiflem. The 
e ciency of both the tubes and the transformer increases with the per¬ 
centage of the cycle during which anode current flows, so that for high 

<lesign the filter so that current flows in ea?h 
urmg 1 s maximum firing period. In some rectifier circuits, cur- 

2, p. 619. ' ^ ’ 0., Proc. I.R.E., 26, 570 11937). ScchIhh ftidtriMte 
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rent flows in only one direction in each leg of the translonner. 
resulting d-c component of flux saturates the core, reducing the efficiency 
by increasing the magnetizing current and hysteresis loss and by intro¬ 
ducing harmonics into the secondary voltage. 

4. Filament Supply, —In certain rectifier circuits the cath()<k\s arc 
at the same potential and may be operated from the same lieattng trans¬ 
former; in others, on the other hand, it is necessary to use (uthcn* s( 4 >aratc 
filament supplies or heater-type tubes with adequate insulation !)<dAV(Hvn 
cathodes and heaters. 

5. Ripple Frequency and Amplitude, —The size and cost of a liltiM* 
capable of reducing the ripple factor to a given value at the load d(Hut^aH<' 
with increase of ripple frequency and with decrease of i*ipi>l('. amirlitiKlc^ 
at the filter input. The allowable ripple factor at the load (hqxnuis 
upon the type of service for which the power supply is tlesigruuh In 
the microphone circuit of a radio transmitter tlio ripple factor must 1)(‘ 
less than 0,003 per cent. In audio-frequency amplifiers not followed l)y 
high-gain radio-frequency amplifiers, ripple factors may range from 
0.005 to 0.05 per cent without causing objectional)le hum, and ennui 1 peu* 
cent may sometimes be tolerated. About 1 |)cr ccuit inqu’escuits tlu* 
upper limit in voltages used for cathode-ray .oscillograiilis. In (‘ont.rol 
devices of the type discussed in Chaps. 12 and 1.3, tlie allowalilc^ ripple 
may sometimes be so high that the smoothing filter may Ix^ omit.tcMl. 

In general, the ripple frequency increases and tlio rip|)l(^ ami>lit.ud<» 
decreases with increase of the number of phases, ddie wavc^ form of t.!n» 
rectified voltage for different numbers of phases is shown by tiu* Htflid 
lines in Fig. 14-6. 

6. P^eah Inverse Tube Voltage. —Since the attainable outinit voHuigt^ 
of a rectifier is limited by the peak inverse voltage that tin* tutw^H ean 
withstand, the magnitude of the peak inverse voltage^, to whicii tlu^ iulH\s 
are subjected is an important consideration in the choice of liotli tubes 
and rectifier circuits. 

7. Peak and Average Tube The life of re<di(i(U‘ tubes is 

dependent upon both the peak and average tube cumuitH. For this 
reason peak and average tul3C currents are factors tlxat affVud, tlic* <dioiee 
of tubes and rectifier circuits. 

8. Voltage Regulation. —The voltage regulation of a i)ow<‘r Hupply is 
dependent not only upon the type of rectifier tube used Init also upon tlu' 
type of circuit and upon the resistance of the various circuit. cdiummtH. 

14-4. Characteristics of Rectifier Circuits. —^Talilc 14-1 list s important, 
information concerning some of the more common tyiies of rcM'tifici* 
circuits, with inductive load.^ It should be noted that'all voIt 4 ige, cur¬ 
rent, and volt-ampere values in this table are given with r<*Hp(H*t to thi! 

^ Armsteong, R. W., Proc, I . R . E ,, 19, 78 (1031). 
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average values of direct voltage, direct current, and d-c power, respec¬ 
tively. The values listed are derived under the assumption that tube 
and transformer voltage drops are negligible and that the transformer is 
perfect. In deriving the current relations it is furthermore assumed that 
each tube conducts during the entire time in which thc^ induced voltage 
in its phase is positive and exceeds the positive voltages ot the other 
phases. An examination of this table discloses the advantages of certain 
circuits over others. 

The single-phase half-wave rectifier has as its chief merits its sim¬ 
plicity and low cost. These advantages are offset, however, by the high 
ripple amplitude and low ripple frequency, which necessitate the use of a 
comparatively expensive smoothing filter, by low voltage output, and by 
low transformer efficiency. The low transformer efficiency results 
partly from the high effective alternating voltages and currents and 
partly because the rectified direct current flows through the secondary 
and saturates the core. Core saturation incre^ises the magnetixiing-cur- 
rent and the hysteresis loss and introduces harmonics into the secondary 
voltage. It is impractical to use sufficient filter inductance to cause 
current to flow during the whole cycle. In fact, in order to raise the 
output voltage and assist in removing ripple, a condenser is usually 
shunted across the output of the rectifier. This reduces still further the 
time during which secondary current flows, and bo decreases the trans¬ 
former efficiency. The single-phase half-wave rectifier is now used com¬ 
paratively little. 

The single-phase full-wave rectifier is the most commonly used type 
of rectifier at voltages below 1000 volts and for currents of 1 amp or less. 
The ripple frequency is twice that of the arC supply, and the ripple 
amplitude is sufficiently small so that smoothing is not difficult. The 
circuit is simple and requires only one full-wave rectifier tube. The 
single-phase bridge circuit subjects the tubes to a lower peak inverse 
voltage than the single-phase full-wave circuit and rec|uires smaller 
transformer primary volt-ampere rating. It law the disadvantages 
that three separate filament transformers must l:)e used, that the circuit 
requires three tubes (one full-wave and two half-wave rectifiers) instead 
of one, and that the efficiency is somewhat lower because of increased 
tube loss. 

The ripple amplitude is much lower in polyphase rectifiers, and the 
ripple frequency higher than in single-plnise rectifiers. The three-phase 
star connection has the disadvantage that current flows in each leg of 
the secondary in one direction only, causing core saturation. This 
difficulty does not occur in the other polyphase ciremits that are listed 
in Table 14-1. The three-phase star full-wave connection reciuires low 
transformer volt-ampere rating and subjects the tul>eB to low peak inverse 
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voltage but requires four jB.lament transformers. In the double three- 
phase rectifier with balance coil, induced voltages in the balance coil 
cause equal currents to flow simultaneously in two phases, one in each 
wye. This results in low average and peak tube currents, but tlie ixtak 
inverse tube voltage is comparatively high. Many other connectionn 
are possible, some of which give increased eificiency or improved voltage 
regulation.^ 

14-5. Current Wave Form.—In Fig. 14-4 are shown curves of positive 
anode voltage and of load current in a single-phase half-wave reedifier, in 


Positive 

secondary 

voltage 

Current 



Single-phase, Half-wave Single-phase, Full-wave 


abed 



Three-phase, Hoff* wave 


li’iG, 144.—Curves of positive secondary voltage and load current ftn* wingle-phiiKo lunl 

three-phase roetifiors. 


a single-phase full-wave rectifier, and in a three-phase half-wave rectifier, 
with resistance and inductance loads, under the assumption that tube 
and transformer voltage drops are zero. Wlien the load* is non reactive 
current flows in each phase only when that phase has the highest induced 
voltage, and the instantaneous current is proportional to the instanta¬ 
neous voltage. The current waves are shown by tluj dotted curves. 

/Ts yT\ ✓TV (The effect of the constant voltagedrop 

/ j \j i \j j Y ’ VUliwsfP in an arc rectifier tulie is to prevent the 
r ! y i I ; I ^ current when the induced volt- 

[' A ''J A I 4^4—presence of inductance in the load 
L J. I ' rr th« errert from 

“p ■i.vi..)! 

full-wave single-phase rectifier with the CUrrCUt WaV€B to tlifi fnrma 

. J , . . ®i^®wn by the solid curvw. If the 

inductance is made sufficiently large, the loud current lieeomes practically 
constant, and so the current in each phase is very nearly a square-topped 

When a resistance load is shunted by a condenser, current flows 
though the rectifier only when the induced voltage execHls the comlonser 
voltage. If the condenser is large and the resistance high, current flows 
just for a short time at the peaks of the induceil voltage. 'I’he aonroxi- 

SfeefT “'d current waves with ri>Histouce.capaci. 

tance load are shown m Fig. 14-5. * 

^ Armsteong, loc . cit . 

* Load on the rectifier is construed here to include the filter. 
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When the load is such that current flows in each phase during the 
entire time in which its induced voltage exceeds those of the other 
phases (inductive or nonreactive load), the voltage wave across the 
rectifier load consists of the portions of the phase voltage waves lying 
between the intersections of waves of the different phases. The voltage 



Single-Phase Full Wave Three-Phase Star 


V V V V V V % A A A A A A A A A A A, / 

r \ \ t \ f \ f \ i \ i \ I ^ I \ i\ I \ t\ t\ I\ t \ t\ /\ f\ 

t \f \f \t '/ '/ 'i \ t 1/ M \i w '/ \i \t \i \i '/ \r \ 

* V n V » -V _s_ t _V f. ..J-. i .y.\ 

Two-Phase, Full Wave Three-Phase, Full Wave 

Four-Phase, Half Wave Six-Phase, Half Wave 

Fig. 14-6.—Wave form of load voltage for resistance or inductance load. 


waves for different numbers of phases are shown by the solid curves of 
Fig. 14-6. The form of the corresponding current wave can be deter¬ 
mined by analyzing the voltage wave into its Fourier components, 
dividing each component by the impedance of the load (including the 
filter) at the corresponding frequency, and adding the component currents 
obtained in this manner.^ If the presence of capacitance in the rectifier 



I'lG. 14-7,—Three typos of smoothing filters: (a) condenser; (b) ohoke-condeuser (Ij-section); 
(c) choko-condonsor with condenser input (pi-section). 

load causes each tube to pass current duiing only a portion of the possible 
firing period, then the load voltage during the nonconducting portion 
of the cycle depends upon the parameters of the load. Under these 
conditions the determination of the current wave form becomes difficult 
and necessitates the use of successive approximations^ or other involved 

1 Stout, M. B., Mec, Eng., 64, 077 (1935). 
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analyses, the results of some of which will be presented in usable form 
in Sec. 14-7. 

Because the characteristics of rectifier circuits depend upon the type 
of smoothing filter by which they are followed, it is best to discuss the 
characteristics and design of smoothing filters before discussing further 
the choice of rectifier circuits for power supplies. 

14-6. Smoothing Filters.—Three types of filters are commonly used 
in power supplies. These are (1) a condenser shunted across the rectifier 
output, as in Fig. 14-7a; (2) one or more sections, each of which consists 
of a series inductance followed by a shunt capacitance, as in Fig. 14-76; 
and (3) a combination of 1 and 2, as in Fig. 14-7c. The use of a single 
condenser across the rectifier output is of principal value when the load 
current is small, as in voltage supplies for cathode-ray oscillographs. The 
multisection inductance-condenser filter is in general the most satis¬ 
factory, since it results in good voltage regulation, low peak anode 
current, and high tube and transformer efficiency. The multisection 
inductance-condenser filter with condenser input is used mainly in small 
single-phase power supplies. It has a higher smoothing factor than a 
multisection filter without input condenser that has the same total 
inductance and capacitance, and it results in higher direct voltage. The 
direct voltage at light load approximates the crest alternating secondary 
voltage Em, as compared with 0.318jEm in a half-wave single-phase rectifier 
without the input condenser and 0.636i?m in a full-wave single-phase 
, rectifier without the input condenser (see Table ll-I). The voltage 
regulation is greater, however, than when the condenser is omitted. 
Other disadvantages resulting from the use of a condenser in the input 
to the filter are increased peak anode current, particularly in mercury 
vapor tubes, and higher peak inverse voltage. The peak inverse voltage 
is the crest secondary voltage plus the condenser voltage at the instant 
of crest secondary voltage. Since the condenser voltage approximates 
the crest secondary voltage under light load, the peak inverse voltage 
may approach twice the crest secondary voltage. 

The chokes of the circuits of Figs. 14-76 and c may be replaced by 
resistances. The d-c resistance of resistance-capacitance filtcu's is much 
higher than that of inductance-capacitance filters using tlie same size 
condensers and having the same smoothing factor. Hence tlie voltage 
regulation, the loss in direct voltage, and the heat dissipation are greater. 
Furthermore, resistance-capacitance filters result in higher |)eak anode 
current and lower transformer efficiency than do indu(d4iiu>e-ca|>acitance 
filters. The development of small, low-cost electrolytic condensers of 
high capacitance has, however, made feasible the use of resistance-con¬ 
denser filters when the requirements of low cost, lightness, and small size 
outweigh the desirability of high quality. 
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14-7. Design of Condenser Filters.—The currents and tlie coiuhniser 
voltage in a rectifier with capacitive load consist of periodic tra-nsiiuits of 
such form that the currents and voltage at the end of eacli transituit arc^ 
the same as at the beginning of the transient. Circuits of this type: havi^ 
been treated analytically by Lewis, Roberts, and Waidelicid and gra{)lt- 
ically by Schade.^ Both methods of analysis are of iKHX^ssity so long 
and involved as to make undesirable their inclusion in tliis t(‘.xt. Tlu*. 
generalized curves obtained by means of these analyses are, howevevr, of 
great value in the design, of rectifiers with filters of the form of Idg. 14“7a 
and c. For circuits using high-vacuum tubes, the analyses are l)as<Hl 
upon the assumption, justified experimentally, tliat a high-vacniuin 
rectifier tube may be replaced in an equivalent circuit by a fixed r(^sistan<*,c^ 
in series with a synchronous switch. The value of tlie cMpiivaleni* 
resistance depends upon whether the peak, average, or cffcxrtive valu<‘K 
of circuit voltages and currents are to be found. The i)eak n^sistanc^e 
fp of a rectifier diode is defined as the ratio of the pcuik valium of tlu% 
diode plate voltage to the corresponding peak value of th(^ diode 
plate current. The average resistance fp of a diode is defined as tlie 
ratio of the average plate voltage during the conduction period to tlie 
average plate current during the conduction period. Th(^, (4T<Hvtive 
resistance |rj,| of a diode is defined as the ratio of the diode plate dissipa¬ 
tion to the square of the effective plate current. For lugh-vacuuin diodes 
the ratios of these three values of resistance are essentially indcqxmdent 
of current amplitude and circuit constants, and are givtm to an a(‘.(nira(^y 
of 5 per cent by the following relations: 

|rp| - 1.075^ fp - .1.1#, (14-1) 

Schade’s curves for ripple factor and r-m-s plate <nirrent involve the 
effective equivalent resistance \rp\. The error n^sulting from tht^ uh<^ of 
tp ill place of |rp|, however, does not exceed the probable error in rcnuliiig 
the curves. For the sake of simplification of dt^sign procculure, tiun*efor(% 
the crest resistance will be used in place of |r,| in tlie remainder of this 
section. Figure 14-8 shows curves from \vhi(»,h the (trest reHiHtanee of 
high-vacuurn rectifier tubes may be found. 

For circuits using arc rectifier tubes, the analyses are liaHod upon an 
equivalent circuit in which the diode is replaced liy a small fixed r<*HiKtanec! 
and a counter-e.m.f. equal to the firing voltage of the tulxq in series with 
a synchronous switch. The three values of equivalent rc^sistanee of arc 

1 Lewis, W. B., Wireless Eng., 9, 487 (1932); IIobkkth, N. IL, Hng,, 31, 

351 and 423 (1936); Waidelich, D. L., Tram. Am. Inst. Elec. Eng., $1, 1 Hll mid 13S9 
(1941); Proc. 29, 554 (1941) and 30, 535 (1942). 

^ScHADE, 0. H., Proc. IJIIL, 31, 341 (1943). 
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rectifier tubes are identical and are equal to approximately 4 ohms in 
small rectifier tubes. The counter-e.m.f., which has a value of approxi¬ 
mately 10 volts in small rectifier tubes, may be taken into account in 
rectifier design by subtracting this voltage from the direct output voltage 
computed under the assumption that the counter-e.m.f. is zero. Th^ 
resulting error is small when the crest alternating voltage exceeds 50 volts. 

Figure 14-9 shows curves of the ratio of direct output voltage Edo 
to the crest alternating voltage Ew. for the half-wave single-phase rectifier 



Pig. 14-8.—Average static plate characteristics of high-vacuum power rectifier tubes. 


with condenser filter.^ Figures 14-10 and 14-11 show similar curves for 
the full-wave single-phase rectifier and the full-wave voltage doubler.'^ 
Curves of the ratios of effective and peak plate currents to the direct 
load current are given in Fig. 14-12 and curves of ripple factor in Fig. 
14-13. In Figs. 14-9 to 14-13, R is the load resistance, g) is 27r times the 
supply frequency, — + Rs, and + R$j where is the sum 

^ SCHADE, he, ciL 

2 Curves for the half-wave voltage doubler have been given by D. L. Waidelich> 
Proc. I,R.E,, 30, 535 (1942). 
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of all circuit resistances in series with each plate, including lino resistance, 
transformer winding resistanceKS, and series resistance added to limit the 
peak diode plate current. 

Since the desired output voltage can ordinarily be olit.aincMl l)y the 
use of an input transformer, it is usually logical to base the rtHdificu* 



design upon allowable ripple factor, rather than upon a spocifiocl value 
of the voltage ratio E,u/Em. If no input transformer is used, as is often 
true in voltage doublers, some increase of C above the vahui necessary 
to give the required filtering may have to bo made i:i order to obtain the 
desired output voltage. In order to ensure good voltage regulation, 
wRC at full load must lie to the right of the knee of the apjrropriate 
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voltage-ratio cnrve of Fig. 14-9, 14-10, or 14-11. The following design 
procedure is convenient 

1 From the given load current, the average diode current per plate is e.sti- 
mated In the half-wave rectifier and the full-wave voltage doubler, the average 
diode current per plate is equal to the direct load current. In the full-wave 
rectifier it is equal to half the load current. 



Fig. 14-10.—Ratio of direct output Yoltage to crest alternating voltage, iih a ftmctlon of 
uRC, for the full-wave single-phase rectifier with vondmimn’ filter. 

2. The peak diode current is assumed to bo four tiinoB the average diode 
current. 

3. (a) When a high-vacuum diode is used, the peak diode voltage oorreapond- 
ing to the assumed peak diode current is determined from the curve of Fig. 1441 
corresponding to the type of tube used. The ratio of the peak diode voltage to 
the peak diode current gives the peak diode resistance^ fp, fp in found hy tho 
use of Eq. (14-1). The estimated series resistance of the transformer windiiip 

^ This is essentially the procedure suggested by Bchadch 
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(usually about 125 ohms foi' each half of the secondary) plus any additional series 
resistance is added to and fp to obtain i?* and 7^«. The ratios fln/H and E^/R 
are then found. 

(h) When an arc rectifier tube is used, E» and Es are assunicd to lie etpuil to 
+ 4 ohms in finding the ratios E^/R and Rs/R. 



4. From the curve of Fig. 14-1,3 (iorresporuling to the valuer, of JiJ H found 
above, a value of o:R(J may be found that will rediu*.e the ripple factor to a value 
equal to or less than the allowal)le value, 

5. Wlien a high-vacuum rectifier tube is used, a more acunirate tentative value 
of peak plate cnirrent is now found from Pig. 14-12, and steps 3 and 4 are repeiitecL 
Figure 14-12 will then ordinarily give a value of peak plate current that does not 









direct plate current and o£ peak plate current to direct plate current as a function 6f ru^CR. 
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differ greatly from the second tentative value. If desired, a third approximation 
may be made, but this is ordinarily unnecessary. 

6. The ratio Edc/Em may now be found from the appropriate curve of Figs. 
14-9, 14-10, or 14-11. If necessary, the value of coRC may be raised in order to 
bring it within the range corresponding to the flat portion of the voltage-ratio 
curve. When no input transformer is used, Em is fixed by the supply voltage, 
and Edc may be found from the voltage ratio. When an arc rectifier tube is used, 
this value of Edc should be reduced by 10 volts. If Edc is specified, it is usually 



a? RC (R in Ohms, C in Farads) 

14-13.—(..HirvoH for the (lotorrniiiation of ripplo factor of rectifiers with condonsor filter, 

necessary to use an input transformer of the correct turn ratio to give the desired 
output voltage. 

7. After the input transformer has been chosen, the winding resistance may 
be determined. If the value of Rn differs considerably from the assumed value, 
steps 4 to 6 should lie repeated. 

8. The peak and average plate currents, found from Fig. 14-22, and the peak 
inverse voltage should lie compared with the maximum rated values for the tube 
in order to make sure that they are not excessive. The peak inverse voltage 
approaches twice the crest alternating voltage Em at light load, and should be 
assumed to have tins value. 

14-8. Illustrative Problem. — The following problem illustrates the 
use of the foregoing procedure. The numbering of the various steps of 
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the analysis corresponds to that used in Sec. 14-7. Assume that tlie 
desired rectifier is to have an output voltage of 500 volts at full-load 
current of 50 ma, with a ripple factor of not to exceed 0.01, and that it 
is to be operated on a 120-volt, 60-cycle line. Use a full-wave circuit 
with a 5V4-G tube. 

1. Assume that B, consists entirely of transformer winding resistance, 
and is equal to 125 ohms. B = 500/0.05 = 10,000 ohms. Average 
plate current per plate = 0.05/2 = 0.025 amp. 

2. Assumed peak plate current = 4 X 0.025 = 0.1 amp. 

3. From Fig. 14-8 the ^eak plate voltage is found to be 10 volts. 

= 16/0.1 = 160 ohms. = 125 -|- 160 = 285 ohms. Jl,/R = 285/ 

10,000 = 0.0285. 

4. For a ripple factor of 0.01 and this resistance rat io. Fig. 14-13 
gives a value of approximately 66 for uBC. 

5. Figure 14-12 shows that the ratio of peak plate current to av(>rage 
plate current is approximately 9 (note that n i.s 2). A second tentative 
value of peak plate current is therefore 9 X 0.025 = 0.225 amp. Figures 
14-8 shows the corresponding peak plate voltage to be 28 volbs. ThiH 
makes fp equal to 124 ohms, and U, equal to 249 ohms. The new 
resistance ratio U^/B is 0.0249, which does not differ sufficiently from 
the value first assumed to make an appreciable difference in the values of 
uBC and the current ratio read from the curves. 

BJB = (125 -f 124 X 1.14)/10,000 = 0.0266. 


6. Figure 14-10 shows that, when R,/B is 0.0260 and uRC is 06, tlie 
voltage ratio Edc/Bm has the value 0.895 and that this value of uRC corre¬ 
sponds to a point on the flat portion of the curve, ensuring good voltage 
regulation.! The r-m-s voltage of each half of the transformer secondary 
should be 0.707 X 500/0.895 = 395 volts. I'he filter condensrm should 
have the value 66/(120x X 10,000) = 17.5 ^f- 

7. The peak and average plate currents and the peak inverses voltage 
lie within the allowable values for the tube. 

14-9. Choke-condenser (L-section) Filters.—Fxamination of Fig. 
14-13 shows that, unless the load current is small, the capacitance nHiuirc'd 
to give adequate filtering with the simple oondcnwm filter at vuIuch of 
ripple factor less than 0.01 is likely to be so large as to l>e imi>ractical. 
Filters of the forms of those of Fig. 14-75 or c must then be used. 

From Fig. 14-14 it can be seen that the smoothing factor for a single- 
section choke-condenser filter is equal to the total input impedance of 
the filter divided by the impedance of the parallel coml.inatimi of the 
condenser and the load resistance. With values of € that are sufficic-ntly 
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large to give adequate filtering, the vector sum of the condenser and 
load admittance is approximately equal to the condenser admittance 
alone. The resistance of the choke, which is small in comparison with 
the inductive reactance, may be neglected. The smoothing factor is 
approximately 

Q, = 5LZl£f = - 1 (14-2) 

The required value of the product LC to give a smoothing factor of value 
a is 

LC = “-t-- ■ (14-3) 

CO- 


The derivation of an exact expression for the smoothing factor of a 
multisection filter, such as that of Fig. 14-15, is complicated, but the 


L 

I- ^.QQQQy 

RecHf/er r 
oui-pur j. 


r 


^<Load 


I*"!a. 14-14.—Sillglo-soction choke-condenser 
(L-soction) filter. 
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Fig. 14-15.—Three-section choke-condenser 
filter. 


fact that adequate filtering calls for relatively large values of L and C 
makes possible a simplified approximate derivation.^ With typical 
values of L and C the ratio of xi to Xc is about 20. Thus, although the 
condensers in all but the last section are shunted by a combination of 
other inductances and capacitances, the impedances of these shunting 
combinations will be from ten to twenty times the condenser reactances 
and may, with little error, be assumed to be infinite. As in the single- 
stage filter, the effect of the load on the adtion of the last section may also 
be neglected without great error. Under these assumptions, the smooth¬ 
ing factor for each section of a filter of the type shown in Fig. 14-15 is 
given by Eq. (14-2), and the smoothing factor for a filter of n similar 
sectiofis is 

a = _ ij' = (co^LC - 1)» (14-4) 

The approximations made in the derivation cause the value of a given 
l)y I^(|. (14-4) to 1)0 somevvliat low. The error resulting from the use of 
this a|)pr()xiniate exi)ression therefore makes the design conservative. 
If the different sections of the filter are dissimilar, the smoothing factor is 

a = (co^.iCx l)(ca2L2C2 - l){c^^LzC, -- 1) • • • (14-4a) 

’ TIetiben, Elcc, J,, 29, 186 (1932). 
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It may be shown, however, that for a given total capacitance and indiiot- 
ance the highest smoothing factor is obtained when all sections are 
aliked Hence Eq. (14-4) may generally be used. Equation (14-4) may 
be converted into the form 

LC = = 0.0253 (1+-'■>) 

03r 

where u, is the angular ripple frequency and ai is the smoothing factor 
at fundamental ripple frequency. 

The required value of ai may be found from the relation 

= A (14-(i) 


in which pi has the value given in Table Id-^I and pi' is the allowable 
ripple factor at the load. By means of Eq. (14-5) it is then irossibhi to 
determine the product LC for a filter of any number of sc(d.ion,s. It 
should be noted that the value of L given by Etp (14-5) is the actual 
inductance under load and not the nominal value listed by the manufac¬ 
turer of the choke. 

14-10. Relative Values cf Inductance and Capacitance.—The choice 
of the relative values of L and C, the inductance and capacitance of each 
stage, is affected by a number of considerations. 
In the first place, the inductance in the first stage 
must be adequate to ensure that the rectifier 
passes current throughout one cycle of ripple 
frequency. The limiting value of L for which 
the plate current just falls to zero carr be deter- 


inpui- 



Fig. 14-16.—Filter input 
current (i-ectifier current) 
wave and direct output 
current when the input cur¬ 
rent just falls to zero. 


mined as follows. Figure 14-1(5 shows that the 
current just touches zcwo if the arnplituiki of the 
alternating component of the filter input curi’cnt 
(rectifier ripple-euiTcmt amplitude) is tHpuil to 


the average (direct) current. The average current is 



in which Ej is the resistance of tlu^ load plus tliat of the chokes. If 
ripple harmonics are assumed to be negligible, the ripple iimplitu<lc 
is equal to the amplitude of the fundanu'ntal eomiiotumt of ripjrh* current 
lr\. If the additional assumption is made that the condemser reactance 
is negligible in comparison with the reactance of the first choke, the 
ripple-current amplitude is 

7r» = 7r, = (*■*-») 

^Lee, loc . jdt . 
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Combining Eqs. (14-7) and (14-8) gives for the theoretical limiting valtK^ 
of first choke inductance, below which current flows in each anode during 
less than the entire ripple period 


= 0.224 ^ 


(14-9) 


- ET V/--W-WT: - V' " 'V 

(^r-Edc Jr 

For the single-phase full-wave rectifier operating on a ()0-cyclo Hourcc', 
Eq. (14-9) reduces to 

Lo = 0.224 = (14-10) 


R^:^4,OOOJ2 


i5 10 15 

j LrHenr:ys 


Ln = 0 224-^^^^' = (14-10) 

The interruption of current when the inductance of the first filtcn* 
section is insufficient to maintain constant current through I.he rcHdificu* 
occurs because the filter con- ^ 
densers keep the voltage across u 11 T 

the input to the filter higher than a 2 R^-^4,OOOJ2 

the instantaneous secondary volt- -S ^ t6 CpGftf 

age during the portion of the cycle ^ ^ 1*2 _1__ __---— 

in which the current is zero. ^ ^ 

Therefore the filter input voltage j L|-Henr:ys 

is higher during this portion of the LQ=4h, 

cycle than it would be if current j 

were flowing, and so the average h oj 

output voltage is higher. The 1-400 S^j 

output voltage rises with increase <.J300 -- i,200^ 

In the portion of the cycle during | ^I-I g.c | V 

which current does not flo w in the 11 '.1,__ ' 

rectifier. Hence, if good voltage ^ ^L-Henrys^ 

regulation is essential, the fiist- 14 - 17 .---ExporiitiontU)illy' dtstorniined 

stage filter inductance must exceed porfonuundt.^ curvoa for a wiuglo-pluwc^ full- 
the critical value given by Eq. '-“ve roctifier with oh«kcw.,,ncU.a.c.r filter. 

(14-10) over the whole range of load current, (hirve a of Fig. 14-17 
shows the load voltage of a single-phase full-wave rectifier as a functioti 
of inductance of the first filter section. It is taken from li paper l)y 
Dellenbaugh and Quinby,^ who found that for the inductance Ixdovv whieli 
the voltage rises greatly or ^^soars,^^ the relation between the first-stage 
filter inductance and the load resistance is given by the equation 

Lo = ^ (14-11) 


-gS.400 

? C 

<-j300 


1 






^dc 


1 



— 

—4». 
1 

_L- 



0 5 10 15 2( 


1^00 I 


d 1,200 o 


1,000 K 


L,-Henrys 

Fio. 14-*17.—Exporiuuuitudly dtstonuiued 
porfonuiindt.^ curvoa for a wiuglu-pluwc^ full- 
wave rectifier with choke-coudeuHer hltor. 


(M-H) 


The agreement between the theoretical Eq. (14-10) and the experi¬ 
mental Eq. (14-11) is as close as could be expected under the assumptions 

1 Dellenbaugh, F. S., Jr., and Quinby, E. B., QS7\ Felnuary, H)S2, p. 14; 
March, 1932, p. 27; April, 1932, p. 33. For a discuasion of (riticsal ituluctanee in 
filters for grid-controlled rectifiers, sec W. P. Oveebbck, Proc. 27, 655 (1939), 
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made in the derivation of Eq. (14-10), the greatest error probably result¬ 
ing from failure to take ripple harmonics into account. For conservative 
design the value indicated by Eq. (14-11) should be used for a full-wave 
single-phase rectifier. Under the assumption that the relatives ('rror 
is not dependent upon the number of phases, the value of first cliokc 
inductance indicated by Eq. (14-9) should be increased by about 15 
per cent. 

The value of Lo given by Eq. (14-11) was termed by Dellenl)augh arul 
Quinby the critical value of first choke inductance. Their investigation 
showed that as Li is increased beyond I/o the ratio of the altcu-nating 
to the direct current continues to decrease fairly rapidly until Li = 2L« 
To ensure that the peak rectifier current is not excessive at full load 



Milltofmperes 

Fig. 14-18.—Variation of choke inductance with direct current. 


therefore, the inductance of the first choke at full load should not be 
less than 2Lo. 

Because of the saturating effect of the direct current, the inductance 
of the filter chokes varies with load.i It is important that they should 
be designed so that the first inductance is sufficiently large at all loads. 
At minimum load the rectifier peak current i.s relatively small, and so 
it IS satisfactory to make Li somewhat largiu- than Ln - where 

IS the total load resistance at minimum load, including tlic rc'si.sfanee 
of ‘he ebete At full load, L. - /L/r«,, 

. the total resistance at full load. It may l)(> a.^Humed that het ween 
minimum and full load the inducitance should vary lim-arlv witii load 
resistance. The inductance of the choker can he made to ‘vary in the 
desired manner by proper adjiistmcmt of the air gap.^ '11,,. 'required 

....... 

1941, p, 5. u. h. aidi-.lu’ii, Kuvmnf'mr, 


1931) 


and Quinby, loc. at. See also JO. (l.,Ar.aa. Q.vr, 16, IS 
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value of inductance at any load may be termed the threshold inductance. 
Figure 14-18, taken from Dellenbaugh and Quinby's paper, shows how 
the inductance may be made to exceed the required threshold inductance 
by gap adjustment.^ When the inductance falls below the critical valvio 
over a certain range of load, as from A to J5 in Fig. 14-18, violent oscil¬ 
lation takes place.^ This can be prevented by increasing the air gap. 

Other factors also affect the choice of L and (7. It is important to 
choose L and C so that no section of the filter will z'esonate at tlic funda¬ 
mental ripple frequency or within the frequency range covered by an 
amplifier with which it is used. Although the filter is a complicated 
circuit which may resonate at a number of freciucncies, usually it is 
sufficient to make sure only that the highest resonant frecpicney of tht^ 
individual sections is less than the fundamental ripple free lucmcy and 
less than the lowest frequency limit for which the amplifier is designed. 

To reduce the likelihood of amplifier regcneratioix caused by imped¬ 
ance of the power supply (see Sec. 6-38), it is important that theimpcul- 
ance presented to the amplifier by 


the supply should be small at the 
low-frequency limit of amplifica¬ 
tion. Since the reactance of the* 
final condenser is small in compari¬ 
son with the impedance in parallel 
with it, the internal power-supply 
impedance may be assumed to be 
the condenser reactance. The specification of a maximum allowahh’i 
internal impedance at a particular frequency therefore dcdernuiK^s a 


Zero curr^ni- 


Fia. 14-11). 'OHcnlloiainun o{ triumii'nt. 
oscillation of load curroot (uuihchI I jy lilt or 
iriductaiico and (iai^aoit.anco. 


minimum value of last condenser capacitance. 

Another factor that must occasionally l>e takem into conHi<lerati()n is 
transient oscillation of the filter when the load current is suddeudy 
changed. Figure 14-19 shows a transient oscillation of load current 
resulting from the sudden decrease of load rc^sistancci across a |)ower 
supply.^ It is evident that such an oscillation may cause scu’ious difficul¬ 
ties when the power supiily is used witli an amplifier, particularly in the 
amplification of abrupt changes of current or voltage. 

The best values of L and C also depend upon space rec|viirementH and 
upon the relative cost of chokes and condensers. The physic’.al size of 
chokes and condensers varies with their ability to store emyrgy. For 
this reason it is sometimes desirable to make the total energy storage a 


^ Under tlie assumed linear variation of thrcsliold induedance wiili load resistance, 
the threshold inductance line in Fig. 14-18 should b(j slightly curved. The curvature 
is so small, however, that the line is assumed to he straiglit* 

2 DELLBNBAtJGH and QoiNBY, loC, cit. 

3RErcit, H. J., and Maevin, G. S., Reo, BcL Imtrunumts, 2, 814 (1931). 
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mmimum. The total energy stored in one filter section is 

Stored energy = ^LP + (14-12) 

By substituting in Eq. (14-12) the values of Idc s^nd L given by Eqs. 
(14-7) and (14-5) and differentiating with regard to C, the following 
expressions may be obtained for the optimum size of condenser and 
choke for a filter of n similar stages. 

U = Vf "b 

^ 2TfrRt 

j Rt Vl "i" 

^ “ 2t/. 

It is better, in general, to use a condenser that is larger than the 
optimum size rather than one that is smaller. In practice it is likely 
that the balance between choke and condenser size will be determined 
to a great extent by the size and cost of available standard chokes and 
condensers. At moderate voltages the use of electrolytic condensers of 


(14-13) 

(14-14) 


Fig. 14-20. 



high capacitance makes possible the design of a filter of small size and 
low cost. It is important to note that account must always l)e taken 
of the difference between nominal and actual choke inductance. 

Figure 14-20 shows the complete circuit of a single-phase, full-wave 
power supply with a two-section choke-condenser filter. One function 
of the bleeder’^ resistance is to prevent excessive transient voltages in 
the filter condensers when the power supply is turned on under light load. 
It may also serve as a voltage divider. The chokes sliould always be in 
the ungrounded side of the filter. If the chokes are in the grounded side 
of the filter and the transformer case is grounded, capacitance between 
the core and the secondary winding shunts the chokes and by-passes 
some of the ripple around the chokes, thus reducing the filtering.^ Since 
the negative terminal is usually grounded, the chokes are ordinarily in 
the positive side of the filter. 

It is good practice to place and orient the chokes and power trans¬ 
former in such a manner as to minimize coupling between them resulting 

iTbrman, F. E., and Pickels, S. B., Proc, LR.E., 22, 1040 (1934), 
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from leakage flux. The arrangement that gives minimum ripple can 
often be determined by trial. 

14 - 11 . Illustrative Problem.—The method of designing a rectifier 
with a choke-input filter can be best explained by means of an illustrative 
example. Suppose that the required power supply is to be single-phase 
and full-wave and must be able to furnish a d-c output of 200 ma at 
350 volts with a ripple factor that does not exceed 0.07 per cent. 

Examination of the operating characteristics of the 5U4-G high-vacuum 
rectifier (see page 683) shows that this tube can carry the required current 
and voltage. Assume that the output will be shunted by a 20,0()0-ohm 
voltage divider (bleeder), which will draw 17-| ma at 350 volts. Table 
14-1 gives 120 cps and 0.472 for the values of/,, and pi. Since the allow¬ 
able value of pi' is 0.0007, on = 0.472/0.0007 = 675. Substitution 
of these values of fr and ai in Eq. (14-5) gives the following values of LG: 

Single-section filter. 1190 X lO”'* henry X farad 

Two-section filter. 47.5 X henry X farad 

Three-section filter. 17.2 X 10~'« Iienry X fara<l 

At full load Li should not be smaller than 7?„xm/500. Choke resist¬ 
ance neglected, Rxnin is equal to the full-load voltage divided by the total 
full-load current, or 350/(0.200 + 0.0175) = 1610 ohms. Therefore h 
should not be less than 3.22 henrys. At minimum load Li should exceed 
i?max/1000 = 20,000/1000 = 20 henrys. A first choke having an 

inductance of 25 henrys at a current of 17‘| ma should satisfy this require¬ 
ment. If the inductance falls to half this value at full load, the required 
capacitance for each filter section is 


Single-section filter. 95.2^1 

Two-section filter. 3,8 jif 

Three-section filter... 1.37 pf 


A two-section filter using two 4-pf condensers, or a three-section 
filter using three 1.5- or 2-/xf condensers, will give the required filtcuing. 
For the two-section filter the resonant frequency of one section is 
l/27r*\/i25*5 X 4 X i0“® = 22.5 cps at full load. The resonant fre¬ 
quency of one section of the three-section filter is 3L8 cps. Both of 
these values are far below the fundamental ripple frequency. The 
optimum full-load inductance indicated by Eq. (14-14) is 11 heiuTs for 
the two-section filter, which is not far from the value (diosen. Ik'scause 
of its lower resistance, the two-section filter gives better voltage regulation 
than the three-section filter. 

Although an approximate value of the required transformer voltage, 
under the assumption that the tube drop is negligible, could be found 
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from Table 14-1, the required voltage can be found more accuindoly 
from the operating characteristics of the 5U4-G rectifier. H each clioke 
has 75 ohms resistance, the transformer secondary voltage should l,e 
515 volts each side of center to give the 350-volt output at a total eurreut 

of217.5ma. . 

The direct voltage will rise to approximately 450 volts wluni tlie 
external load is removed. Much improved regulation could Iold allied 
by the use of the type 83 mercury vapor tube. Although iinproyi'd 
regulation would also be obtained with the type 83v high-yacuuiii i et tifii'i, 
this tube cannot deliver the terminal voltage required in t.his problem, 
since the maximum rated r-m-s plate voltage is only 400 volts. 

The values of L and C actually chosen in both the two- and three- 
section filter are enough larger than the values that will just, give the 
maximum allowable ripple to make it -unnecessary to recheck t he. com- 
putations, taking into account the resistance of the chokes. 

It is interesting to compute the ripple factor that would lie ohtaim>d 
if the above two-section filter were used with a three-phasK! rrsetifier (see 
Table 14-1). For a three-phase rectifier fr = 180 cjis. Bubstituting 
= 180 cps, C = 4 X 10"® gf and L = 12.5 henrys in Mip (14-12) gives 
3960 for ai. Since pi = 0.177 for the three-phase rectifier, p/ - 0.(M)45 
per cent. This clearly shows the improvement in filtering resulting 
from an increase in the number of phases. 

The student will find it instructive to compute the st'cond- and t hird- 
harmonic ripple factors at the load by substituting in tlui following equa¬ 
tions values of pi and pa listed in Table 14-1. 

= [{kco^yLC - l]" (14-45) 

p,' = (14-On) 

ak 

14-12. Choke-condenser Filter with Condenser Input.-- Powei' stqv 
plies with filters of the form of Fig. 14-7c can be reatiily desigmul by a 
combination of the methods discussed in Secs. 14-7 arul 14-10, Binre 
the output ripple factor can be readily reduced to the (lesircd value hy 
the L-section portion of the filter, the input condtniser may Im chosen 
on the basis of voltage regulation and allowable jxuik plate <'urr(*iif. If 
possible, uRtCi should be large enough to bring it within tlm rangi' t>f the 
flat portion of the voltage-ratio curve of Fig. 14-9, 14-10, or 14-11. It 
should not be so large, however, that the peak iilate current cxcix-ds the 
allowable value. 

14-13. Voltage Stabilizers.—In many applieatiorw ttf electron tul««, 
notably in oscillators and measuring instrument.H, it is mx-cssary to 
provide direct voltage that remains essentially constant in spite of fluc¬ 
tuations of line voltage. Direct voltages of almost any desired degree 
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of stability can be obtained by the use of electronic voltage stabilizers.^ 
Since a stabilizer that reduces random changes of direct voltage will, in 
general, also reduce periodic changes of voltage, voltage stabilizers used 
in the output of a power supply produce the additional beneficial effect 
of reducing ripple voltage. Types of stabilizers that reduce the variation 
of voltage with load current also reduce the internal terminal imped¬ 
ance of the power supply. 

The simplest type of voltage stabilizer is the glow-tube stabilizer 
discussed in Sec. 12-4. Glow-tube stabilizcre are usually incorporated 
in stabilizer circuits using high-vacuum tubes, in order to maintain 
constant operating voltages. Three types of high-vacuum-tube stabi¬ 
lizers are shown in Fig. 14-21. In the degenerative circuit of Fig. 14-21a, 



Fiu. 14-21.—Basic voltage stabilizei* circuits: (a) dogenerativo type; (b) amplification-factor 
bridge typo; (c) transconductauce-bridge typo using glow-tube bias. 


increase of output voltage Eo as the result of either increase of load resist¬ 
ance or increase of input voltage Ei increases the negative voltage of the 
grid and thus tends to reduce the plate current. The reduction of plate 
current in turn partly eliminates the change in voltage across ii, which 
may be the load. The function of lie is to prevent the flow of high grid 
current in the event of removal of Ei. Analysis of the equivalent plate 
circuit shows that best stabilization is obtained with tubes having high 
amplification factor. Loss of output voltage as the result of tube drop 
is minimized by the use of a high -current power tube. Since tubes having 
high amplification factor in general have low plate current, this circuit 
is useful only in applications where the load current is small. 

In circuit 6, tlic ratio of liz to Ri is made eciual to the amplification 
factor. When the input voltage changes, the change of plate voltage 
is them fx timers the change of grid voltage, and so the plate current and 
file voltage across lin, winch may be the load, remain unchanged. Good 
staliilization is ol>tained over a range of input voltage throughout which 
the ami:)lification factor remains approximately constant. The output 

^ (Jeammme, G., QST, August, 1937, p. 14; Bousqukt, A. G., Electronics, July, 
1938, p. 26; Wai/fz, W. W., Electronic$, December, 1938, p. 34; ItOA Application 
Note 96; Hunt, F. V,, and Hickman, II. W., Rev, Set. Inslrurrients, 10, 6 (1939) (with 
13 references); NnimE, H. V., and Pickbeing, W. H., Rev. Sci. Instruments, 10, 53 
(1939) (with bibliography); Coombs, J. N., and Nims, P. T., Electronics, January, 
1940, p. 40. 
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voltage may be made to increase with decrease of input voltage by 
making R2/R1 less than 11. serves the same function as in circuit a. 
The output voltage in this circuit is less than the input voltage by the 
sum of the voltage across Ri and the drop through the tube. Since 
Ri = Ri/ii for balance, the voltage loss in Ri may be minimized by the 
use of a high-mu tube. Because the plate current of high-mu tubes is 
small, however, this circuit, like that of Fig. 14-21a, is best suited to 
applications in which the load current is small. 

In circuit c the glow tube, which may be replaced by a battery, main¬ 
tains the cathode of the triode at a constant positive voltage relative 
to the negative side of the input. The negative bias of the triode there¬ 
fore decreases with rise of input voltage and thus increases the plate 

current. By proper choice of cir- 
cuit constants, the resulting increase 
of voltage drop across R 3 can be 
made equal to the increase of input 
^ voltage, so that the output voltage 
-*■ remains constant. Analysis of the 
E(j equivalent plate circuit shows that 
when Ri = (Ri -[- Ri)/Rigm the 
output voltage is independent of 
input voltage throughout a range of 
input voltage and plate current in 
which gn is essentially constant. 
It- Since S 3 should be small in order to 
prevent unnecessary loss of voltage, 
a tube used in this circuit should have high transconductance. 

In some applications of voltage stabilizers, internal resistance (change 
in output voltage with change in load current) is objectionable. It is 
reduced in the circuits of Fig. 14-21 by reduction of plate resistance but is 
relatively high even when power triodes are used. Improved circuits, 
incorporating amplifiers, have been developed that have low internal 
resistance and give high stabilization over wide ranges of input voltage 
and load current. The circuit usually used, one form of which is shown 
in Fig. 14-22, is essentially a two-tube inverse-feedback circuit. Increase 
of B„ decreases the magnitude of the negative grid voltage of Ti and 
thus increases the plate current of Ti. The resulting increase of voltage 
across Ri makes the grid of 1 % more negative, increasing the voltage drop 
through Ti and hence tending to reduce the output voltage. The 
output voltage may be varied by means of Bo. 

Because of the voltage-dividing action of the resistance combination 
Ri-Ri-Rr, only a portion of the change of output voltage is applied to 
the grid of Ti. Addition of the condenser C increases the fraction of the 
voltage change impressed upon the grid of Ti when the change occurs 



li'iG. 14-22.—Two-stage degenerative 
age stabilizer. 
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rapidly. If the reactance of this condenser at ripple frequency is small 
in comparison with the resistance which it shunts, the condenser appreci- 
ably increases the ability of the circuit to reduce ripple. If the condenser 
is too large, however, it may lead to undesirable transient oscillations of 
output voltage because the initial compensation as the result of sudden 
change of output voltage exceeds the final value obtained after the con¬ 
denser voltage reaches equilibrium. 

Ti should be a high-mu tube and a high-transconductance tube 
capable of passing the required load current at the highest voltage drop 
through T% (lowest output voltage). The coupling resistance Ri should 
be large in comparison with the plate resistance of Ti and large enough to 
prevent excessive plate dissipation at high voltages. Stabilization is 
greater and is obtained over a 
larger range of voltage when is 
connected to the output, as in Fig. 

14-22, than when it is connected 
to the input. Rz should be chosen 
so as to keep the current through 
the glow tubes in the range for 
which they ai'e designed. Con¬ 
necting Rz to the output gives 
somewhat greater stabilization than, 
connecting it to the input and 
results in lower current through the 
glow tubes. Tendency of relaxa¬ 
tion oscillations to occur in Tz, and 
Ta at very low output voltages, however, may be avoided l;)y coniKHiing 
Rz to the input. Because of thc^ large dilTcvrc^ncc'. of potential l)(iAveen thc^ 
(uithodes of Ti and it is necessary to \isc^ separate t-ransformevr windings 
for thedAvo heaters, insulated to withstand the high voltage. A discnission 
of the design of this type of voltage stal)ili 2 ;er has bcvui given by Beresldn.^ 

Stabilization against changes of input voltage may be made complete 
by taking the excitation voltage for Ti partly from tlie input side.^ 
Because of the larger cliangc^s of control-grid voltage of Ti tlius made 
available, lower amplification is required and a triode may be used for !Zb, 
as shown in Big. 14-23. Rz vised to adjust the output voltage and Hi 
to balance the circuit for complete stabilization. (Complete stal>ilization 
against changes of load may be obtained l,)y means of the seiies rcisistancci 
Eg, which produces a component of grid voltage of Ti that varies with 
load current.^ The adjustments of Ri and Rz for balance must be 
changed slightly with change of Rz. 

1 Bkbeskin, a. B,, Proc. LR.hl, 31, 47 (1943). 

2 Goodwin, C. W., Yak J. IHoL and Med., 14 , 101 (1941); Linoenhovius, H. J., 
and Einia, XL, PhilLip$ Tech. Rev., 6, 54 (1941); Hiel, W. R., Jr,, Proc, IJIE., 33, 
38 (1945). 
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I'Xg. 14-23. -Variant of tiio ciroiiit of 
I'Xg. 14-22, v/hich wtabilizcH (Hjinpletdy 
changes of input voltage find of 
load (nirrcnt. 
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When a stabilized voltage supply is used to supply tlie grid bias for a 
power amplifier in which the grids are driven positive dur-ing a portion 
of the cycle of excitation voltage, the grid current Hows in opposition 
to the supply voltage and thus reduces the supply current. TIu' grid 
current cannot increase beyond the value at which the sujrply current 
is reduced to zero. In order to use the circuit of Fig. M-22 for (his 
purpose, therefore, it is necessary to shunt the output with a resistance 
which is low enough to ensure that current through the r(wistamH" (‘xc<‘eds 
the highest grid current. Since the peak grid current may be liigli, tlui 
high current that must flow through the lusistor rcrsults in tmnsid<n-abl(! 
loss of power. This difficulty is avoided in the circuit of Fig. 11-21, whi<“h 
is derived from the basic circuit of Fig. 14-21c by the addition of a stage 
of voltage amplification.^ Since the voltages across Ti and 7\ ar<' esseir- 
tially constant, reduction of output voltage residts in an o(iual l•cdu(:- 



Eiq. 14-24.-~-Volta.go Htabilizor for uso iu a O J‘’xo. 14-25.“““Cui'rt'ait Ktululia<*r, 
supply for power amplifiers iu which grid current 
flows. 


tion of grid bias of T^. This increases the plate cui'rent of 'J\ and hone*' 
the drop in voltage across Bi, increasing the grid bias of 7’,. I'ln; result¬ 
ing reduction ol plate current of reduces tlu^ voltage drop in B% and 
thus tends to counteract the change in output voltage. Detitilod design 

procedure for this circuit has been given by Pihl.i 

Stabilized voltage lower than about 100 volts (san be provided l>y a 
single stabilizer only by connecting the cathode of Ti in tlie tnrenuts of 
Figs. 14-22 and 14-23 to a point more negative than tho negative injint 
terminal. An additional rectifier is required for tliis purjioKo. \ cry low 
stabilized voltage can be obtained by taking tho output from iMitwcam the 
positive output terminals of two stabilizers used with a singk^ supply. 

14-14. Current Stabilizer.—Figure 14-25 shows a dreuit by mVan.s 
of which current may be maintained essentially (u)nstunt in spite of 
variations of supply voltage or load resistance. This circuit makes 
use of the fact that, within the proper ranges of voltages and plate (uirrent, 
the plate current of a pentode varies comparatively little with plates 
voltage. Additional stabilization is attained by tlie use of a cathode 


XT of Engineering, Department of Klectriwil Eng.,* 

Northeastern Ihiiv. (1943). 
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biasing resistance, which causes the grid bias to .increase with increase of 
plate current. The load current may be varied by means of i?i. Rz must 
be large enough to prevent the flow of excessive screen current when the 
plate current is reduced to a Ioav value, but small enough to ensure that 
the glow tube conducts. The circuit values of Fig. 14-25 are suitable 
for an input voltage ranging from 200 volts to 1200 volts. The cathode 
resistor varies the current from approximately 5 to 30 ma. In the 
vicinity of 20 ma the plate current varies by about H ma when the input 
voltage is varied from 300 to 1000 volts or when the load is varied from 
zero to 50,000 ohms. 

Problems 

14 - 1 . Design a supply with condenser filter to meet the following specifications:. 

0\itput voltage. Not less than 280 volts 

Maximum load current. 20 ma 

Hippie factor. Not to exceed 0.01 

Supply. 12G-volt, 60-cy(de, single-phase 

The reciiifier shoxild o|)erate directly from tlie line (no input transformer). 

14 - 2 . Design a B supply with choke-input filter to meet the following specifioations: 

Output voltage. 300 volts 

Maximum load (nirrent... 100 ma 

Hippie factor. Not to exceed 0.00035 

Supply. 120-volt, 60-cycle, siugle-phaBe 

Inu)(Hla,n('(^ tu'csentod to the load at 50 cps must not exceed lOOO ohms. Voltage 
regulat ion should be kept as small as possible. 

14-3. Dt^sign ji li supply with a condenser-input choke-condenser filter to meet the 
foil owing spe(I fi(uitious: 

Output voltage'.. 400 volts 

Ma.xiimim loa-cl curremt.. 100 ma 

Hipph^ factor. Not to fixeced 0.0001 

Supply. 110-volt, 60-cye.le, single-phase 

14-4. Dt^sign a singh^-phase full-wave rc(difi(u- that will furnish a direct voltage of 
1500 volts a,t a loa.d current of 250 ma and a ripple factor not to exi^eed 0.1 per cent. 
Minimum load eurreiit is 50 ma. 

14-6. By nuMUiH of tlie equivalent plate (rircuit, show that the elTectivenesB of the 
circ'uii of Fig. 14-21 a increases with g. 

14-6. By im^ans of f.he (upiivalent plate circuit, bIiow that the circuit of Fig. 14-216 
should l)e adjusted so that lURi » g. 

14-7. By means of the etiuivalent plate circuit, show that the circuit of Fig. 14-21c 
Hhould be adjusted so that Ih * {Ri R>j)/Rigm- 
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CHAPTER 15 

ELECTRON-TUBE INSTRUMENTS AND MEASUREMENTS 

The development of measuring instruments using electron tubes has 
resulted in great improvements in the field of measurement. This final 
chapter will deal with the theory and characteristics of electronic meas¬ 
uring instruments and with the methods of making measurements on 
vacuum tubes and vacuum-tube circuits. Instruments incorporating 
electron tubes include voltmeters, ammeters, wattmeters, ohmmeters, 
time and speed meters, frequency meters, and oscillographs. Measure¬ 
ments on tubes and tube circuits include measurement of tube factors, 
negative resistance, harmonic content, voltage amplification, and power 
output. 

16-1. Vacuum-tube Voltmeters. —One of the most useful of electronic 
measuring instruments is the vacuum-tube voltmeter.^ The advantages 
of vacuum-tube voltmeters over electromagnetic meters are their high 
input impedance, wide frequency range, and high sensitivity. Although 
vacuum-tube measuring instruments usually embody electromagnetic 
meters, the required sensitivity of the latter is generally small enough so 
that the cost of a complete electronic instrument is considerably less 
than that of an electromagnetic or electrostatic meter of comparable 
sensitivity. The vacuum-tube voltmeter is of particular value in the 
measurement of voltage in circuits in which the flow of meter current 
would appi'eciably alter the voltage, as in radio-frequency circuit meas¬ 
urements, the measurement of amplifier output voltage, or the measure¬ 
ment of the voltage of a charged condenser. 

Vacuum-tube voltmeters are of many types. According to principle 
of operation they may be classified as follows: 

1. Transfer characteristic. 

2. Plate-dete(5tion (transrectification): 

a. Low-bias. 

5. High-bias. 

3. Diode. 

4. Grid-detection. 

5. Exponential. 

1 For a general discussion of vacuum-tube voltmeters covering developments 
through 1932, see T. P. Hoar, Wirehss Eng.^ 10, 19 (1933). See also August Hund, 
*‘Hkh-frequency Measurements/^ pp. 136-161, McGraw-Hill Book Company, Inc., 
New York, 1933. 
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6. Amplifier. 

7. Slide-back. 

8. Inverted. 


Classification can also be made according to whether tlie instruinents 
measure direct, r-m-s, crest, or average voltage. This will diH(uiH.siMl 
in connection with each of the types listed above. 

The design of vacuum-tube voltnxeterB involves a number of faeiors, 
which include the following: 

1. Input impedance. 

2. Sensitivity. 

3. Type of scale (direct, r-rn-s, (trest, or average voltage). 

4. Stability and permanence of calibration. 

5. Voltage range. 

6. Effect of harmonics upon readings. 

7. Portability and cost. 


16-2. Use of Transfer Characteristics in Voltage Measurement. 

The most direct application of vacuum tubes to the measurement of 
voltage lies in the use of a transfer characteristic £ih a caliliration curve. 
Unknown direct voltages less in magnitude than the cutofT grid voltage 
may be applied to the grid circuit and measured l)y means of a rnilli- 
ammeter in the plate circuit. If the voltage measured is applied wiih 
.such polarity as to make the grid negative, negligible current in drawn by 
the grid. 



Pig. 16-1,—Basic cir- 


Largo direct voltages applied to the plate may 
also be measured by relatively small voltages ap¬ 
plied to the grid, the grid voltage being adjusted 
so as to reduce the plate current to zero.' 

16-3. Plate-detection (Transrectification) Volt- 
_ meters.^' —One of the moat freciuently used tyra's 

vrcuum-fuba^voitnioter! . vacuum-tube voltmeters makes uH{K)f i)late def ec¬ 
tion. The basic circuit of this type of met<‘r is 
.shown in Fig. 15-1. Alternating voltage applied to the grid cicruit is 
measured by means of the change in reading of the d-c milliammeter in tlie 
plate^ circuit. Because of curvature of the transfer characteristic;, the 
amplitude of the positive half cycle of plate current exeecids the amplitude 
of the negative half cycle. The average plate current therefore exceeds 
the quiescent plate current, as shown in Fig. ,3-19 (wee Secs. 3-1.5, 3-19, 
and 9-11), the change in current being a' function of the irnpresHcd 

Vacuum, Tube and Its AppIicHtioiw," p. 

369, McGraw-Hill Book Company, Inc., Now York, 1920. * 

Motolin, L. B., J . Imt. Elec. Eng. {London), 61, 296 (1923), WirdoHH World, 10, 1 
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alternating voltage. The condenser, whose reactance is small at the 
lowest input frequency, prevents variation of load impedance with 
frequency and thus eliminates a possible cause of dependence of calibra¬ 
tion upon frequency. The insti'ument may be calibrated by the applica¬ 
tion of known sinusoidal voltages. This type of vacurym-tube voltmeter 
may be further classified according to the magnitude of the grid bias 
and the form of the transfer characteristic. 

1. Low-bias Operation, If the shape of the transfer characteristic 
is assumed to be approximately parabolic, then for Class A operation 
the alternating plate current may be adequately expressed by the first 
two terms of the series expansion 

ip = aie + (15-1) 

Since a periodic wave of any shape may be broken up into a series of 
harmonically related frequency components, the application of a periodic 
voltage wave of any form is equivalent to the simultaneous application 
of a number of periodic voltages of proper frequency and amplitude. In 
general the applied voltage may then be expressed as 

G ^ eg ^ El cos coj5 + E^ cos 2oit -f JJz cos - (15-2) 

feubstitution of lup (15-2) in Rq. (15-1) shows that the change in average 
plate current is 

/Jo = -h + 2.V + • - ) (15-3) 

But the mean-square signal voltage is 

(El cos ut + E% cos 2ut 4- Tj cos 3c^t + ■ ■ ■ )^dt 

= UEi^ + LV + Ts* + ■ • ■ ) (15-4) 

The change of average plate current of a tube that has a parabolic transfer 
characteristic and is used in Class A operation is therefore proportional 
to the mean-square signal voltage and the meter may be calibrated 
to read r-m-s signal voltage.i In practice it is difficult to obtain with a 
single tul)e a transhu characteristic that approaches closely to parabolic 
form. The change in average plate current is therefore not strictly pro¬ 
portional to mean-square signal voltage. The change in current will 
depend to some extent upon the wave form of the signal voltage. 

A close approach to a pai’abolio characteristic can be attained by 
the use oi the balanced circuit of Fig. 15-2.^ The plate current of Tiis 

ip = 2:a„(<3„)" (15_5) 

* Jansky, C. M., and Feldman, C. B., f. Am. Imt. Elec. Eng., 47,126 (1928). 

’ See, for instanoo, W. C. Miciikls, Rev. Sci. Imtrumants, 9, io (1938). 
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That of Ti is 


4' = Sa„(e^,0" = San(- (15-()) 

Since all the odd-order terms of f/ are negative, whereas all terms of i„ 
are positive, the stim of 4 and ip contains only even-order terms. With 
triodes the value of ai and higher-order coefficients is small in comjiurison 
with 02 , and so the total plate current is 


f = 4 + V = 2a2(c„)=* = lajc® 


(15-7) 


The objection to this circuit is that it draws a small amount of (mrrent 

from the circuit whose voltage is being 
measured. 

2. High-bias Operation .—If the tubt' of 
Fig. 15-1 is biased to cutoff, plate eurri'iit 
will flow only during the positive half of t het 
signal-voltage cycle. The average plate cur¬ 
rent will depend upon the shape of tlio 
dynamic transfer characteristic which may 
be made to approach linearity by the use of 
an unby-passed high resistance in series with 
the plate. Under this condition the instan¬ 
taneous plate current is nearly proportional to the instantaneous signal 
voltage during the positive half cycle and zero during the negative half 
cycln. The average plate current, under the assumption that the char¬ 
acteristic is linear, is 



Fig. 15-2.—Basic circuit of 
balanced plato-deteotioii vacu¬ 
um-tube voltmeter, 


“ 27r Jo ~ 2w Jo 


ttlSg dt - 


aio) 

27r 


/ (Ell siji (ct Bn sin 2oit -f- Ez sin Beet ) di (15*8) 


= ini X (average signal voltage during positive half cycle) 


Thus the average plate current of a tube that hjw a linear characti'riKtit^ 
and is biased to cutoff is proportional to the average signal voltage <luring 
the positive half cycle. Since in practice it is not possible to tnak<‘ tlie 
characteristic linear, this relation is only approximately true, fl’he 
curvature is greatest in the vicinity of cutoff, and so the departure from 
the theoretical linear reading increases as the signal amplitiKh; goes down. 
If the load resistance is zero or small, the characteristic in this vicinity of 

cutoff is more nearly parabolic than linear. Then the average plate 
current is 
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2x 7o 
a% 


'‘ tt/w 


^ <0 /■"/“. , « 

~ 2ir Jo jo 

{Ex sin lat Ez sin 2(j3t -f- Ez sin Scoif -H * ■ ■ d-i (1^“^) 

j {Ex^ + Ez‘^ + Ez^^- ■ • ■ ) (16-10) 

The average plate current for a tube with a parabolic characteristic, 
biased to cutoff, is, therefore, approximately proportional to mean-square 
positive signal voltage, and the meter may be calibrated to read the 
r-m-s value of the voltage during the positive half cycle. 

Since high input impedance can be obtained only if the grid is negative 
throughout the cycle of signal voltage, voltages of amplitude greater 
than the cutoff grid voltage can be read only if the tube is biased beyond 
cutoff. If Class C bias is used, current flows during only a portion of the 
positive half cycle. The average plate current cannot be affected by 
the form of the wave during the portion of the cycle in which current does 
not flow, and so the average plate current is not necessarily proportional 
to either the average voltage or the mean-square voltage, and large errors 
in reading are likely to result if the voltage departs materially from 
sinusoidal form. Class C bias is sometimes used in multirange meters. 

At high radio frequencies the reading of plate-detection voltmeters 
may be affected by impedance drop caused by inductance of the grid 
input leads and by resonance of this inductance with the capacitance 
of the grid circuit. Input capacitance also 
causes the input admittance to increase with 
frequency. For these reasons the instrument 
should be designed so as to minimize input cir¬ 
cuit capacitance and inductance, and at high 
radio frccpiencies it is advisable to use specially 
designed tubes having low input capacitance 
and inductance, such as acorn tubes (Fig. 2-l()). 

It is also good practice to mount the tube at the 
end of a shielded flexible cal)le, so that the input voltage may be applied 
directly to grid terminal of the tube.^ 

The calibration curve may be straightened by the use of self-bias, as 
shown in Fig. 15-3/-^ In addition to reducing curvature of the calibration 
curve, 8elf-l)ias increases the voltage range of the instrument. The 
bias increases with input amplitude, and so the amplitude at which grid 
current starts to flow greatly exceeds the zero-signal bias. 

1 Ik)yLE, II. (b, ElecironicBj August, 1936, p, 32. IlGA Application. Note 47, 
1935. 

» Medeam, W. B., and Oschwald, XJ. A., WirdcBS Eng., 3, 589, 664 (1926), 6, 56 
(1928). 
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Big. X5-3.—Self-biasod 
plato-dotoction vaemnn-tubo 
voltmeter. 
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16-4. Balanced Plate Circuits.—In any circuit in which cliangc^ of 
plate current of a vacuum tube is used as a measure of input to the circmit, 
as in the measurement of direct voltages by use of transfer* eiiara(*,teiisti(‘s 
or of alternating voltages by means of detection, it is desirable to baluncii 
out the static operating plate current in order that the whole scale of the 
milliammeter or galvanometer may be used. One method of accomplish- 



Fig. 15--4.—Vacuum-tubo voltmeter with Fig. 15-5.—Vamium-tuhe voltmeter with 
zero balance. zero balanc^e. 

ing this is shown by the circuits of Figs. 15-4 and 15-5, in which tht' tubi' 
forms one arm of a Wheatstone bridge.* The circuit nray be Iralunced 
by varying any of the resistances. To avoid loss in sensitivity, /f, must 
be large in comparison with the meter resistance. The rctiuired B-sxipply 



Fig. 15-0.—Circuit in which the filament Fia. 15-7. Circuit in which the icrm 

supply voltage is used to balance out the signal plate current in Imhuu^tHl <mt by the 
zero-signal plate current. use of an auxiliary tube. 

voltage increases, however, with R^. When the cathode is heated by 
means of a battery, the circuit of Fig, 15-(5 may be used. A mcKlifiell 
form of the bridge circuit of Fig. 15-4, shown in Fig. 15-7, uh(w a sc'cond 
tube in place of the resistance Ri.^ The advantagts of the use of two 

iHoabb, S. C., Trans. Am. Imt. Elec. Eng., 46, TAX (1027); Hayman, W. (1., 
Wireless Eng., 7, 556 (1930). See also footnote 1, p. 013, and footnote 2, p. 614. 

“Wold, P. L, U. S. Patent 1232879 (1916-1017); Wynn-Willjams, C’. K., /*««■. 
Cambridge Phil. Soc., 23, 810 (1927), Phil. Mag., 6, 324 (1928); Kolin, J. M., J. Opt. 
Soc. Am. and Rev. Sci. Instruments, 18, 393 (1929); Winch, (5. '1'., J. Erl ImlnmetUs, 
6, 376 (1929); Nottingham, W. B., J. Franklin Inst, 209, 287 (HlliOl; DuBrhmik, 
b. A., Phys. Rev., 37, 392 (1931). 
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tubes (or a double triode) is that the tubes respond similarly to changes of 
plate supply voltage and cathode temperature; so that the bridge does 
not so readily become unbalanced. It is possible to find settings of P 
and R such that small variations of plate supply voltage have little or no 
effect upon the 2 ;ero balance. The circuit of Fig. 15-7 may be used with 
alternating plate supply voltage.^ 

Changes of calibration with operating voltages can be reduced by 
using a common source to supply cathode power and grid and plate 
voltages. A typical circuit is shown in Fig. 15-8. Adjustment of the 
heater or filament current to a definite value also brings the grid and plate 
voltages to the proper values. If a heater type of tube is used, constant 
operating conditions are approximated by obtaining the plate and grid 



Fro. 15-8.—Plate-dctectiori vatjuuin- Fio. 15-9.—-Circuit that is self-com- 
tuhevoltnioter operated from a single source pensating against variations of supply 
of voltage. voltage. 

voltages from a common supply, the voltage of which is adjusted to a 
definite value by the aid of a voltmeter or is kept constant by means 
of a glow tube or other type of voltage stabilizer (see Secs. 12-4 and 14-13). 
Small changes of heater voltage in the neighborhood of normal value have 
(Kimparatively small effect upon calibration. The problem of maintain¬ 
ing a fixed operating point may also be simplified by the use of a cathode 
resistor to provide self-bias, as in Fig. 15-3. When self-bias is used, the 
static operating point is fixed by the plate supply voltage, which may be 
kept constant with the aid of a voltmeter or a voltage stabilizer. A 
numlicr of self-compensating single-tube circuits have also been devel¬ 
oped:^ One such circuit is shown in Fig. 15-9. The meter reading is 

1 B%i 

independent of filament supply voltage when Ro — i~ ’ and inde- 

pendent of plate supply voltage when ^ txRcR//lic + where 
Ra' is the sum of Ra and the filament resistance 
^ Tiixjebton, J. N., EleelronicBj October, 1943, p. 102. 

^ Razek, J., and Muldbe, P. J., J. Opt Soc. Am. and Rtm. Sci. Instrmnenis, 
18, 460 (1929); Dearle, R. 0., and Matheson, L. A., Rev. Sci. Instruments, I, 215 
(1930); TtJENEB, L. A., and Sieoklin, 0. 0., Rm. Bci . Instruments, 4, 429 (1933); 
Turner, L. A., Rev. Sci. Instruments, 4, 665 (1933), See also p. 615, 

» Turner, ilrid, 
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Changes of calibration with tube age are prevented to a certain 
extent by keeping the static operating current constant. It is necessary, 
however, to check the meter cahbration from time to time regardless 
of the circuit used. The life of tubes of standard makes is sufficiently 
long so that tube deterioration is ordinarily an unimportant factor. 

The condensers shown in Figs. 15-4 to 15-8 need be used only if the 
circuits are used in the measurement of alternating voltages by plate 




detection. 

16-6. Diode Voltmeters.—Diode rectification can be used as the 
basis of vacuum-tube voltmeters that read average voltage.^ The 
circuit, which is shown in Fig. 15-10, is one of the simplest 
of all vacuum-tube voltmeter circuits. If it is assumed 
that the rectifier resistance is zero and that no current 
flows when the applied voltage is zero, the instantaneous 
current is equal to the instantaneous voltage divided 
by the load resistance during the positive half cycle. 
The average current is the average voltage of the positive 
half cycle, averaged over the entire cycle, divided by the 
resistance. For a sinusoidal input voltage sin wf, the average plate 
current is 



Input 

Fig. 15-10.— 
Simple diode 
voltmeter. 


r _ -^max _ 

* 6a, 


i7n 


ttjB 2.22fi 


(1541) 


For a direct input voltage F, the plate current is 



( 1542 ) 


Thus, if the diode were a perfect rectifier having zero resistance, the 
circuit could be calibrated on direct voltage and used to measure either 
direct or sinusoidal alternating voltage. Actually, curvature of the 
diode static characteristic and flow of plate current when the plate voltage 
is zero, resulting from initial velocity of electrons, cause the ratio of the 
alternating to the direct voltage reading to depart somewhat from the 
theoretical value 2.22. The error, which is most pronouncjed at low 
voltages, can be made negligible by the use of load resistances exceeding 
100,000 ohms. High load resistance is also desirable in order to keep 
the current small. Since the average input voltage depends upon wave 
form, the reading of this type of meter changes with harmonic content 
of the impressed voltage. Although it draws a small current, this 

^Shaep, C. H., and Doyle, E. D., Tram, Am, Inst Elec, Eng,, 36, 99 (1916); 
Chubb, L. W., Trans. Am. Inst. Elec. Eng., 36, 109 (1916); Tayloe, James, J. Bd. 
Instruments, 3, 113 (1925); Wireless Eng., 10, 310 (1933). Davis, It, Bowdlek, 
G. W., and Standbing, W. G., /. Inst, Elec, Eng. {London), 68, 1222 (1930). 
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circuit makes possible the use of a sensitive d-c meter in the measurement 
of alternating voltages. 

Figure 15-11 shows the direct- and alternating-voltage calibration 
curves of the diode sections of a type 6B7 tube used with a 100,000-ohm 



0 AO 60 120 160 200 

D-c and r-m-s Voltage 


Fig. 15-11.—Direct- and alternating-voltage calibrations of the diode scMvtions of a 6B7 with. 

a 100,000-ohm load. 


tnpui 


¥ 




load. Similar curves for a 500,000-ohm load are practically straight 
lines through the origin, having slopes indicated by Eqs, (15-11) and 
(15-12). 

Another type of diode voltmeter, the basic circuit of which is shown 
in Fig. 15-12, consists of two diodes, a condenser, 
and an electromagnetic d-c meter.^ The con- ( IL^ 

denser current flows through the meter during 
only half of the cycle, and so the meter current 
is unidirectional With sinusoidal input, the 
condenser voltage varies between the values Em 
and —E'w? where Em is the crest input voltage. 

The amount of charge that flows into the con¬ 
denser during half a cycle is and the 

average curnaxt tlirough the meter is ecpial to 
the product of this (duirgc by the frcciuency, or 
2fCEm^ Therefore 

2/C 


T 


9 


F 1 o. 15-12. —• I) i o d e 
voltmoter whi<iU nio-asuros 
tlio irij)ut voltage l)y moans 
of the charging curront of 
a condonBor. 




(15-13) 


To prevent eirculating current througli tlie inetor as the rctsult of emission 
velocity of electrons, a. small c.ounha-e.m.f. may lie used in series with 

^ Stake, A. T., Proc, Snc. London^ 46, 45 (]<)34). Sec also L. W. Chubb and 
C. L. Foktescue, Tram. Am, Imt, Elec, 32, 736 (1913). 
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the tube T 2 j or a negatively biased triode may be substituted for the 
diode. Since the reading of the meter depends upon the a.!g(d)rai(i 
difference between the positive and negative crest voltages^ the reading 
will be affected by harmonics that change the crest voltag(\s, unless one 
crest voltage is increased by the same amount that the other is decreased. 

These simple diode voltmeters are of particidar value in tlu^ nu^asiire- 
ment of very high voltages when some flow of current is not ol)j(‘(‘tional)1e. 
With large values of R, the calibration curves of Fig. 15-11 art^ sufficiently 
straight, and the intercepts small enough, so that in the rneasununent of 
high voltage they may be considered to be straight lines passing througli 
the origin and having slopes indicated by Ecjs. (15-11) and (15-12). 
Experimental calibration is then unnecessary. 



Fig, 15-13.—Diode volfcmoters incorporating a wtago of d-n lunplificatioiu 


For the measurement of small voltages the diode eircmit of Fig. 16-10 
may be followed by a d-c amplifier, as shown by Fig. 15-13n. Since 
the average plate current oi Ti depends upon the average voltage across 
R, the reading of this meter, like that of Fig. 15-10, is dejanulent upon 
the average value of the positive half cycle of tlu^ applied voltage. If R 
is replaced by a condenser C, as in Fig. 15-136, the condtuwer charges to 
crest positive signal voltage. The reading is thcndorr; then a nieasun! 
of the crest signal voltage. Because C cannot discharge through either 
tube, a high resistance R may be shunted across C in order to allow C to 
discharge when the input voltage is reduced or removed, d'o prevent 
the dependence of calibration upon frequency, the product fRC should 
be at least of the order of magnitude of M)() at the lowcwf, freriuency / 
of the input voltage, i A variant of the circuit of Fig. 15-136 is that of 
Fig. 15-13c, in which R' and C' act as a filter to keep the alternating 
voltage from being impressed upon the amplifier grid. The amplifier 
plate current in the circuits of Fig. 15-13 decreases with increase of 
^ MAUiquE, Jean, Wireless Eng,, 12, 17 (1935). 
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input voltage, and so the meter cannot be damaged by excessive input 
voltage. If the zero-signal current is balanced out, the meter current 
flows in the opposite direction and cannot exceed the zero-signal plate 
current. The circuits of Figs. 15-13a and h may also be used to measure 
direct voltage. 

Inspection of the diagrams of Fig. 15-13 shows that the self-biasing 
resistor Rf results in degenerative feedback, the circuit of the amplifier 
stage being identical with the feedback circuit of Fig. 6-406*. Degenera¬ 
tion in the amplifier has four beneficial effects: (1) If i?/ is large, the meter 
reading is practically proportional to the direct grid voltage, and hence 
to the positive crest voltage applied to the voltmeter input. (2) Because 
of the opposing voltage developed across the resistor, the grid circuit can 



handle much larger direct voltages than the static cutoff grid voltage. 
Thus, much larger input voltages may be read. (3) The voltage range 
can be conveniently varied by changing the resistance Rf and the static 
biasing voltage. (4) The meter reading is practically independent of 
tube constants. 

These facts were employed by W. N. Tuttle in the design of a multi- 
range voltmeter.^ Tlie circuit of this meter, shown in Fig. 15-14, incor¬ 
porates the zero-balance bridge of Fig, 15-5. The sensitivity is adjusted 
by means of the correct amplifier bias being maintained by simul¬ 
taneous adjustment of A type 955 acorn tube is used as the diode 
rectifier and is mounted at the end of a shielded flexible cable for high- 
frequency measurements- A regulated B supply prevents change of 
calibration with alternating line voltage. 

Diode voltmeters are more sensitive than plate-detection voltmeters 
but have the disadvantage of lower input impedance. 

16-6. Grid-detection Voltmeter.—The functions of the two tubes 
of the circuits of Fig. 15-13 can also be performed by a single triodc 
grid-leak detector, as shown in Fig. 15-15. The disadvantage of such a 

^Tuttle, W. N., Qm. Radio ExpL^ 11, 1 (May, 1937); THtniSTox, J. N., Ekc^ 
tronics, October, 1943, p. 102. 
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circuit over the two-tube circuits is that the desirable features resulting 
from the use of a cathode resistor cannot be attained, since tlie resulting 

bias would prevent the flow of grid eiirnmt. 

15-7. Logarithmic Voltmeter* ~ I ial Ian - 
tine has shown that an amplifier with 
automatic gain control may l)e used as a volt¬ 
meter with a logarithmic scaled A block 
diagram of the fundamental circuit is shown 
in Fig. 15-lC. The amplifier uses varial)l(srnu 
tubes, in which the amplification factor 
is an exponential function of the grid voltage. The output is main¬ 
tained constant by rectifying and filtering the output voltage iind 
using the resulting direct voltage to bias the amplifier tiil)es. If tlui 


h|>H 


Fig. 


15-15.—Grid-detection 
voltmeter* 



Fig. 15-16.—Schematic diagram of logarithmic voltmeter uniiig u-y-e eir<nut. 


amplification factor of the amplifier tube is an exponential function of 
the grid bias, the ratio of amplifier output voltage to input voltage is 

I = (15-14) 

where n is the number of identical stages and a and /I are constants. 
If 62 is constant, 

^c = K-~hg,ei (15-15) 

But 

db = 20 logio ^ = /C' - 8.09 log. Ci (I5-l(i) 

Therefore 

db = K'- SMnaiK - IQ (15-17) 

db = k + mE, (15-18) 

where K, K', k, and m are constants. Thi.s type of voltmeter should, 
therefore, theoretically have a linear scale when calibrated in decibels! 
Actually some departure from linearity will result because ca does not 
remain entirely constant and because the relation between amplification 
and bias may not be quite exponential. 

Another type of logarithmic voltmeter is shown in Fig. 16-17.2 The 
input voltage is impressed upon the grid of a variable-inu tube such as a 

^ Ballantine, S., Electronics j January, 1931 , p. 472 . 

2 Hunt, P. V., Rev. Sci. Instruments, 4, 672 (1933). 






Sjsc. 16 - 8 ] 


ELECTRON-TUBE INSTRUMENTS 


609 




35, 58, or 6K7. The voltage developed across the load resistor is applied 
to a diode rectifier circuit. During the positive half cycle of output 
voltage, current flows through the diode circuit. Because of the exponen¬ 
tial variation of amplification factor of the pentode with grid voltage the 
average diode current varies logarithmically with pentode input volta-e 
over a large range of input voltage. 

With the single-stage circuit of Fig. 

Hunt obtained a linear calibra¬ 
tion curve of microamperes average 
diode current against decibels from 
about 3 db below 1 volt to 20 db above 
1 volt. In the two-stage circuit of Fig. 

15-18 the rectified current is obtained 
principally from the second stage at 
low voltages, and from the first stage at voltages that make the second 
stage input so great as to reduce the plate current to zero during almost 

froi-^4oXt"o + 20 circuit the calibration is linear 



Fig. 15-;i7.~-Ijogaritlim,ic vacuum- 
tube voltrnotor using variable-mu tube 
and diode rectifier. 



Fkj. 15-18.- 


R,= R2=25>d> WJ2 
R^= 100,000Si 


'Two-stage logarithmic vacuum-tube voltmeter. 


16-8. Voltoeters Based on Voltage or Current Amplifiers.-Any 

of the voltmeters that have been described may bo preceded by amplifiers 

c used (Inectly to measure small voltages, the output voltagt^ or current 
ot the amplifier being read by moans of an electromagnetic meter of com- 
imratively low sensitivity. Johnson and Neitzcrt^ have described a 
tivcnstage pentode amplifier capable of reading down to 10““^ or to !()”“« 
VO with a,n auxiliary tuned circuit. The amplifier uses four type 38 volt- 

3nn pentode. The voltage amplifier stages have 

300,000-ohm coupling resistors and use an operating plate voltage of 

is LiVf i ® «^*^tching transformer. 

IS used between the output stage and the meter. 

' Johnson, E. A., and Nkitzebt, O., Rev. Sd. Imtmments, S, 19(5 (1934). 
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Fig. 15-19.—Vacuum-tube voltmeter 
based upon current amplifier. 


A single-stage amplifier-type meter, described by R. M. Somers,' is 
shown in Fig. 15-19. In this type of meter the current output is a 
measure of the alternating input voltage. Its sensitivity is t he; (uirrc'nt 
sensitivity of the circuit, which depends upon the transconduetiince 

]^Qs^on the tube. 

15-9. Slide-back Voltmeters.—A 
very useful type of meter for tlu^ 
measurement of crest or direct volt¬ 
ages is the slide-back type. The, 
original form of this type of irndtu' is 
based upon the cutting off of t-riode 
plate current by negative? grid volt¬ 
age.^ Just sufficient negative? grid 
bias is applied to a triod(? to redvuu? 
the plate current to zero. The addition of signal voltagf? in the grid 
circuit results in the flow of current during the po.sitive half c?ycl('H of 
the signal voltage and, in order to prevent the flow of plate current 
at any time during the signal-voltage cycle, the bias must be incnuised 
by an amount equal to the positive crest signal. In operation tin? 
bias is adjusted to reduce the plate current to zero with and without 
signal voltage, the difference between the two values of bijis ecnialing 
the crest signal voltage of the positive half cycle. To read direct volt¬ 
ages, the bias is adjusted to give any convenient reading of plate currc?n(.. 
The change in bias required to return the plate current to this value when 
input is applied is equal to the input voltage. 

In making a-c readings, difficulty arises from the fact that cutoff is 
not sharp. Because the transfer characteristic approaches the grid- 
voltage axis exponentially, the change in current corresponding to a small 
change in grid bias decreases with increased sensitivity of the plat(?-cur- 
rent meter. The accuracy obtainable with a triode is rather low. Much 
more satisfactory results can be obtained with a tetrode or any multi¬ 
element tube in space-charge tetrode connection.^ The vc,.* curve for a 
positive voltage of 1 or 2 volts on the first grid approaches the voltage 
a:!as much more sharply than do the transfer charact(?ristics of triodes 
Figure 15-20 shows the diagram of a meter that will read direct voltages 
to mthin 0.05 volt and alternating voltages to within ^ jier emit. To 
simphfy operation, separate voltages are used for zero adjustment and 
for balancing. The d-c meter then reads the crest voltage diroctlv For 

relXr f “><= voltage mu,t 'al,;ay« 1,« 

negative. Fot measuring direct voltages it is advisable to apply tho 

1 SOMEES, R. M., Proc. I.R.E., 21, 56 (1933) 

2 Hbising, R. a., U. S. Patent 1232919. 

= Reich, H. J., Marvin, G. S., and Stolh, K., Electronics, September, 1931, p. 109. 



Sec. 15-9] 


ELECTRON-TUBE INSTRUM'EN'LS 


Bo/cLn^ >^olf«9B 

voNcr^e 

Fiij. 15-20.- “*81ido-ba(tk voltnietor UHinp: 
tetrode with Hi>aeo-charge connoction. 


unknown voltage in such a direction as to make the grid negative, and 
so the balancing voltage must be positive. 

The inaccuracy resulting from lack of sharpness of cutoff can also be 
overcome by working at a small value of plate current, instead of at 
cutoff.^ Because of plate detection, the change in bias required to ketq) 
the plate current constant when signal voltage is applied is not exacdly 
equal to the crest signal voltage. 

The meter must therefore be cali- J^2 or 1B4 1 

brated.^ The calibration curve of fnpuf r—- A 

balancing voltage vs. crest signal ^11° vAx 

voltage approaches a straight line of V - ~| 

unit slope through the origin as the . 

operating plate current is reduced. /| 

Although the calibration is practi- j_ 

cally independent of plate and heater J 

voltages and tube age, absence of ZoNa^e 

the direct comparison feature of the m-20.--8Hdo-ba<,k voitniotor uHi„K 

cutoff type of meter is often a dis- tetrode with Hr>aeo-charge connoction. 
advantage of the small-current type. 

The use of a grid-controlled arc-discharge tube in plac(^. of a vacuum 
triode affords a third means of increasing the accuracy of the slido-baede 
type of meter J If care is taken to maintain the operating tern|)orature 
constant, the grid voltage that prevents the firing of an arc-discharge 
tube at a given anode voltage is very definite. The diff(ir(uicc betweeti tlu'. 

grid bias voltages at wbicli th(!i tulx^ (irc^s 

—c ] with and without signal voltage in tlu‘. grid 

^ circuit is e(|ual to tlie crest signal voH^agt^ 

_J unknown direct voltage. A circuit 

that uses an 885 thyratron tube is shown 
— 1 | .4 -i|~J Pig j 5_21 . and are (uirrent-limit- 

Fig, U5-21.-—Shde-back voitmotor i^^g rcsistors. No anodcvciirrcnt meter is 

necessary, since firing is indicated liy glow. 

A. T. Starr^ has described a similar voltmeter in whi(‘.h the arc tubc^ 
is replaced by a trigger circuit. A diagram of the circuit is shown in 
Fig. 15-22. To operate the meter the switch S is first opcuuMl momen¬ 
tarily in order to stop the plate current of Ti. The l>alancing volt 4 igc^ 
is adjusted until the current transfers from to Ti. Tlie operation 

^ Medlam and Oschwald, loc, ciL 

2 For a discussion of the error in reading of a slido-back voltrnetfu* resulting from 
plate rectification and the method of constructing a calil>ration curve, see C, B. Aikkm 
and L. C. Bieusael, Trans. A?n. Inst. Elec, Eng., 67, 173 (193B). 

3 Hughes, E., /. Sci. Instruments, 10, 180 (1933),* Emss, J. J., Rep. 8c4. Irntm^ 
ments, 6, 169 (1935), 

* Stake, A. T., Wireless Eng., 12, 601 (1936). 


Tn pui- 


Fig, 15-21.—Slide-hack voltmeter 
using a type 885 thyratron. 
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is then repeated with signal voltage applied. The difference in hahine- 
ing voltages equals the direct or crest alternating voltage. ^ 'I'he <‘nsc ui 
operation may be increased by the use of separate zero-adju«t nu>nt and 
balancing voltages, as in Figs. 15-20 and 15-21. 



K^=nl = /00,0001i 


Fig. 15-22.—Slide-back voltmeter based upou the EceleH-Jordan cnrtniit. 


15-10. Inverted Voltmeter .—A very useful meter for the inciwnn?- 
ment of high voltages has been described by Tcrman.* Thia imdm* i.s 
called the inverted voltmeter because the usual functions of the f 

plate are interchanged. Its action depends upon the fact that, tin* griiJ 
current which flows when a positive voltage is applied to th« grhi tif a 
triode may be controlled by negative plate voltage. Figure 1S-23 showa 
the method of measuring high direct voltages. The amplification factor 
of the tube for inverted operation is very nearly the reeiprocnl of f lm 


I_ ordinary amplification factor and iH tlicrcfore 

1 less than unity. The plate-grid tranHconducf- 

vEx (/) 1 change of grid current with plate 

"o ^ ’■ voltage, is also small. Thendore hirgi; pinti! 

voltages may be read by means of nniall grit! 

'-^-i|iM currents, and the grid <)i)orating voltage^ iniiy !m'^ 

analogous to the ordiiiary jdalo- 
grid-detection voltrn(d.erH may ulmt 1m* 
with the inverted tube. Since their action is similar to that of Iht! 


common circuits, they need not be discussed further. In addition to the 
large voltage range, the inverted voltmeter has the advantiiKO of high 
input resistance and low effective input capacitance. 

16-11. Vacuum-tube Ammeters.—The use of vacuum tulws in the 
measurement of large currents usually offers no i)artieular a«lvaiititgo 
over the use of ordinary meters unless it is necessary to mea«ur<‘ crest 
values of current. For the latter purpose some form of enwt vuemim- 
tube voltmeter may be used to measure the voltage droi) aerosH a resistor 
through which the current flows. Because of the difficulty of making 


^Teeman, F. E., Proc, I,R.E., 16, 447 (1928). 
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sensitive dynamometer-type instruments for the measurement of very 
small currents, the vacuum tube is of great value in this field of measure¬ 
ment. A number of methods are available for the measurement of small 
currents by means of vacuum tubes.’- 

One of the most sensitive methods of measuring small direct currents 
consists in determining the change in potential of a small condenser of 
negligible leakage which is charged by means of the unknown current. 
The sensitivity of this method increases with decrease in condenser size, 
and for extreme sensitivity the condenser consists merely of the grid-to- 
cathode capacitance of a vacuum tube. The charge that collects on the 
grid and associated conductors determines the grid potential and hence 
the plate current. This method depends for its success on the possi¬ 
bility of reducing all grid leakage to a negligible amount. Grid leakage 
current is caused by (1) leakage over the surface of grid supports within 
the tube, over the surface of the glass outside of the tube, and from 
external conductors connected to the grid; (2) initial velocity of emitted 
electrons, which causes them to go from cathode to grid when negative 
grid voltage is small; (3) primary electrons emitted by the grid and 
attracted to other electrodes of higher potential; (4) secondary electrons 
emitted by the grid; (5) ionization of residual gas. Tubes designed to 
prevent grid leakage were first described by Nelson^ and by Metcalf and 
Thompson.^ A good example of this type of tube is the General Electric 
FP-54 vacuum-tube electrometer,^ which is capable of measuring currents 
as small as amp. Leakage in this tube is prevented by mounting 
the grid on quartz supports, by thorough evacuation, and by choice of 
electrode structure and ()i)erating voltages that prevent primary and 
secondary electron emission from the grid and ionization of residual gas. 
''Fhe FP-r)4 is not suitable for voltage amplification, since its amplification 
factor is unity. 

P. A. MacDonald and VI M. CampbelP have shown that oidinary 
amplified' tulx^s siudi as the type 22 may l)c used with floating grid to 
rmd currents down to 2 X amp. Under the action of primary 
electrons from the cathode, primary and secondary electrons from the 
grid, and Ic^akagc from tlic grid over the surface of the glass supports, a 
floating grid assumes an equilibrium value of voltage, which is usually 
negiiiivc^ with rc^spect to the cathode. If a small current from an external 

^ Au cxrcdleni review of tliis Biibject in given by F, A. MacDonald in Phymes, 7, 
2{)5 (1936). A bibliography of 20 items is included. 

See also F. MOlijBE and W. DCeicubn, E, JUcUrotech.y 42, 31 (1936) (with 
bildiography of 54 items). 

® Nelson, IL, Rev, ScL ImtrumenU, 1, 281 (1930). 

s Met(!AX.f, G. F., and Thompson, B. J., Phys, Hev„ 3$, 1489 (1030). 

^Similar tubes are made by the Westinghouse and Western Electric Co. 

® MacVDonaui), P. a., and Campbell, E. M., Physm, 6, 211 (1935). 
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source is allowed to flow into the giid, the equilibrium grid voltage is 
changed, and therefore also the plate current. 

A third method of measuring small currents is to measure by means 
of a vacuum tube the voltage drop produced when the current flows 
through a very high resistance. The size of the resistor that can be 
used, and hence the sensitivity that can be attained, are limited by the 



Fig. 15-24.—Circuit for the measurement of small currents with the FP-54 vacunm-tuhe 

electrometer. 


leakage resistance of the grid. The FP-54 is suitable for use in such a 
circuit. In Fig. 15-24 is shown a simple circuit employing one FP-54 
tube. It may be followed by a current amplifier if a milliamnieter is 
to be used in place of the plate galvanometer. The sensitivity of this 
simple circuit is limited by fluctuations of battery voltages and by 
diflaculties in balancing the steady component of plate current. Numer¬ 
ous papers have been published on single-tube bridge circuits that are 

designed to make readings independ¬ 
ent of small fluctuations of battery 
voltage. A circuit that incorporates 
the advantages of a number of single- 
tube bridge circuits is shown in Fig. 
15-25.^ Essential features of bal¬ 
anced single-tube circuits arc the use 
of a single battery to siipply all 
voltages and the choice of such 
values of operating voltages that 
small changes of electrode voltages 
compensate one another. The cir¬ 
cuit constants given in Fig. 15-25 



270 mils 


Rd = 0 R2=2Z5^ 

Rr^= %700R R^=/S.9R 

Fig. 15-25.—Electrometer circuit that 
is compensated against changes of battery 
■voltage. Circuit constants listed are for 
Western Electric type D-96475 tube. 


are average values suitable for use ivith the Western Eleotrictype D-{)()475 
electrometer tube. Figure 15-26 shows a balanced two-tube circuit.* 

. very useful microammeter that is capable of reading down to 10"'* 
amp and that uses ordinary amplifier tubes, has been described by A. W. 
^ Penick, D. B., Rev. Sci. Instruments^ 6, 113 (1935) 

a»: “• 
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Vance. 1 This meter, which is essentially a d-c amplifier with inverse 
feedback, is accurate and sturdy, is not damaged by overload, and can be 
designed with as many direct-reading ranges as desired. The basic 



11^=3,00012 
R2= 5,00012 
«,= 2,00012 
R4=/0,OOOJ2 
Rg a R 6 =500012 
R 7 & Rft = d/ fo /O meg. 
R 9 = 10/2 
Rio ^ Rii ^ /S/i 


R, 2 = 400/1 
R|3~ ffOOO/2 
9^/0,000/1 

V = 0-200 mfH/vo// me/er 
V,= /5 V. voltmefer 
Rc= I0'^-/0'^J1 
C = / 4/4 f low Iec(I<age 

V /(? IV leakage ew/fches 


Fxa. 15-2(K—Biihiiieed two-tubo electromotor ciremit. 


diagram is shown in Fig. 15-27. If the voltage amplification of the ampli¬ 
fier without feedback is A, the output voltage is 

= Ae, (15-19) 

With inverse feedback the voltage 

actually applied to the grid of the 
amplifier is 

(•u = a - Co (15-20) 

where Cj is the total voltagi! impressed 

upon the input. Therefore, 

Lquation (15-21) shows that, if A is very large, Co is to a first approximar- 
' Vance, A. W., Rev. Sci. Instruments, 7, 489 (1936). 
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Pia. 15-27.—.b^ed-back amplifier 
that may bo used as the basiw of a 
vaciiurn-tubo mioroammeter. 
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tion equal to ei, and 


% 

ii 


Ito 


(15-22) 


If the amplifier is direct-coupled, it will respond to changes of direct 
current. Equation (15-22) then becomes 

= ~ (15-2:i) 

X i ivo 

in which Llo is the change in output plate current when a direct cnirrc^nt. 
Ii is sent through the input resistance. By making the ratio of Ri to 
large, small values of Ii may be read by means of a milliammetcr in 
series with Ro or a voltmeter in shunt with Rq. The function of is to 
prevent oscillation of the amplifier. 



Pig. 15-28.—Circuit diagram of microammoter based upon inverHo foed-lmok lunplifk^r. 


The circuit diagram of a practical meter of this tyjic is sliown in 
Fig. 15-28. The circuit employs a three-stage d-c amplifier having an 
amplification of approximately 5000. With no input to the metiM* th<^ 
circuit assumes an equilibrium state in winch a definite current flows 
through the output resistance. To make the rnotcu' direct readingi this 
equilibrium current is balanced out. The siaie of input resistor re(|iiir(Hl 
for any range can he readily determined by making use of tlie fact that 
the input and output voltages are practically cfiual. Thus the rc<|uireci 
resistance is equal to the full-scale reading of the output voltrnciter divide<l 
by the desired full-scale current reading. Amplifier oscillation is pr«v 
vented by the resistance-capacitance filter in the input to the last tube. 
The function of the input filter is to by-pass alternating current, The 
fom of Eq. (15-21) shows that if A is large, small changes of A, such as 
might result from changes of battery voltage, have little efFcnd; upon the 
reading. A rugged, accurate voltmeter of low sensitivity may lie used 
m the output. Danger of damage to the metei in eiu^e of excessive^ 
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input current can be prevented by designing the output stage so that the 
maximuna attainable plate current will not injure the voltmeter. 

Figure 15-29 shows the circuit of an interesting current amplifier 


that employs phototubes and a triode amplifier in a 
bridge circuit.^ The two phototubes determine the 
grid potential of the triode, which forms the adjust¬ 
able arm of the bridge. A null galvanometer, 
operated by the unbalance current, is optically con¬ 
nected to the phototubes so that deflection causes a 
differential change in conductance, preferably an 
increase in one and a decrease in the other. Unbal¬ 
ance current deflects the galvanometer, changing 
the grid potential, and thus the plate resistance, of 
the triode. The deflection is just sufficient to restore 
balance and thus reduce the galvanometer current 



E=IR 


to zero. The insertion of a small potential E into Pig. 15 - 29 .—Di- 
the galvanometer circuit at the point X causes the ject-current amplifier 
galvanometer to deflect and thus unbalance the for the measurement 
bridge to such an extent that the unbalance current I voltages or 

causes a voltage drop in the resistance that is 


equal and opposite to E. The current I may be used as a measure 


of the voltage E. Since the unbalance current necessary to restore 



equilibrium is inversely proportional to R, it is evident that the sensi¬ 
tivity may be made high by using a small value of R. No spring is 
required in the galvanometer, and damping may be accomplished by the 
iGilbeet, R. W., Proc, LINE,, 24, m{) (1936). 
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use of resistance and capacitance connected in series between the grid 
and the cathode of the amplifier tube. 

Figure 15-30 shows practical forms of this circuit for the measurement 
of voltage and of current. These circuits have been uschI to regulates 
the voltage of a d-c line and to maintain constant temperature. TIic 
voltage was held constant to within one part in lO^OOO over a load-ctirrcmit 
range of 0 to 3 amp, and temperature was held constant to within ().()()6®C. 

15-12. Vacuum-tube Wattmeter. —The balanced modulator may I>e 
used as the basis a vacuum-tube a-c wattmeter.^ A d-c microamm(fi.(u* 
is used in the output to measure the difference between the plate eummt.s 

of the two tubes, as shown in Fig. 
15-31. The resistances r% are eqxml and 
of sufiiciently small value so that volt- 
age drop across them does not apprci- 
ciably reduce the load voltage. 
ei may be considered to l)e pro|)ortional 
to the load voltage. The rc^sistama^ tq 
is high in order to prev(mt ai)i)reciabk^ 
e=Ecoso>i " power loss. The voltage applicHl to tlie 

Pm. wattmeter grid of tube 1 is €1 + that api)lied to 

the grid of tube 2 is 6% — cg, f f only tlu^ 
first two terms of the series expansion are considered, and the circuit in 
assumed to be symmetrical, the plate currents arc 

ip = ai{ei -|- C 2 ) + (15-24) 

ip = ai{ei — 62 ) + a 2 (ci — (15-25) 

The output meter reads the difference between ip and ip\ 

io ^ ip — z/ = 2aie2 + 4a2CiC2 (15-26) 



Cl = ke =: kE cos o^t (16-27) 

where k is the fraction of ri from which ei is taken; and 

Ca = T^i = rj[ cos {(jot -b 0) (15-28) 

If the output meter is a d-c instrument, it reads the avtu-iiKo value of 
The average value of is 

_ „ 2ai<o 

° Jo ^odt cc cog ^ 

4a2a) „ 

2t Jo + <?)] dt (15-20) 

A « 0 -f- 2aJcrsEI cos d /jc oan 

(1934) and J. R. PiWb, pL[ I R.B., 
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,sl'u'nvs that the ri^ading ef i-lie d-e ivieter m ilio 
jilate rircndl is to ihv powen* (‘xjnaHkHi in Ww loruL A tnoro 

c*oni|i!i*te analysis shows tiint', if t-lu* load <airr<n'd- <‘oiit.'Mins hannoni(‘H, the 
raiding of I lie the* iiiet(*r is pro|>ort5onul to l-ln* tnt.al hand power, "riia 
etlVft td* liiglioiMH’di*r terms of iht* |>la1(Mmrr(mt. stnit's intHlifn^s tlu* ox{>r(:\s- 
sioii given in hap (15-39), and ai large amplitudes tiie ineltn* nxiding is 
not.' St riel ly proiHlrtitmal to the loud posve'r. Hinee ilu* m(*t'.(*r must- h(»s 
.fidibrati'd,. tins is a elisudvuniage only in that, it pr('*vent.'.H t!u* ust* of a 
linear se.ale. Hie efft*c*t. may he miniinizet.! l)y ket*pitig the input t^) the 
ill ties SI II ail 



Fill, t*V32, ' rirt'uil fsM' tlu* liiijch riwiMiiiius*. 





3. " Viwnitaieltilw laiutmtai-r Utnl. .irinIo»>t twi* tif gritl inimaifc. 


lS-13* fucunm-lnbt Ohm,m'eteri.--ClreiiitH e.a,pahle of ineaHiiring 
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hlgiire 15412' sliinvs iin i**P-54 e*ireiiit 'for meaHuriiig tiigh rinsiHiimeeHd 
Ai'i iiiikiioW’ii resisf.iitiee Ug is irieasnred tiy a'i>plyirig ilw. \mltages ./fi arni M 
iiiiil iiiljiistiiig file voltage divitJer l*\ until the* giilvanomeier reading is 
file siirin* as wlnii Ei iiiai A* are eijua! to jsero. Hum E is lapial to the 
vfiltiigf* fieross till* sfiindard resinitir/A. Hx ^ ** 1). Htandard 

Ilf viiliieH tIF, lil*^ mid 19*^ ohms are reeomineridetl The 
value of h\ is o|itioniil; that reronunentleil for Et is api'iroxiinately Ai/2* 
Ariotlier tyja* of oliinmeier* 'whieh may tie ei'ilitirai.f'»dj is stiowii in 
i"ig, It ilepeiifls for its md-ion upon the flt.jw of grid cnirrctntA 

^ If M., Jti,, iirw, Eti. IHMirummUt % HH) (l.tHlh, 

* A.* Eimirm.im^ July, 1935, p, 214. 
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Preisman found that, if the meter reads correctly at two points of its 
range, it will read correctly over the whole scale. It is adjusted by first 
setting the milliammeter needle to zero mechanically when the grid is 
floating and then adjusting ;Si and R so that the reading is correct for 
the calibrating resistance Rc- The function of the condenser C is to 
minimize the effect of capacitance in the resistance that is being measured. 
It may ordinarily be omitted. 

The glow-tube relaxation oscillator can be used to measure resistance 
and capacitance with a high degree of accuracy by comparison with 
known values.^ The variable standard resistance or^capacitance of 
Fig. 15-34 is adjusted so that the frequency of oscillation is the same as 

standard . with the unknown resistance or capaci¬ 

tance. If one of the parameters is fixed, 
the circuit may be calibrated to read the 
other in terms of frequency. The oscilla¬ 
tion frequency may be made low enough so 
that the frequency can be determined by 
counting flashes of the tube during a 
measured time interval. The accuracy of 
this instrument in the measurement of 
condenser capacitance is affected by leakage 
conductance of the condenser, since the 
capacitance. frequency of oscillation depends not only 

upon the capacitance but also the conductance. 

16-14. Time and Speed Meters. —Time intervals may be accurately 
measured with the aid of electron tubes. ^ In most electronic time and 
speed meters, tubes are used to control the charging or discharging of a 
condenser and to read the change in condenser voltage, which is propor¬ 
tional to the elapsed time. To use the charging of a condenser in the 
measurement of time, means must be provided for starting and stopping 
the charging current instantaneously at the beginning and end of the time 
interval. This may be accomplished by the parallel d-c thyratron circuits 
of Fig. 12-34 or by the high-vacuum-tube trigger circuits of Figs. 10-6 
and 10-8. 

Figure 15-35 shows the circuit diagram of a timer based on this 
principle.^ The action of this circuit is as follows: is closed for an 

1 Taylor, J., and Clarkson, W., J. Sci. Instruments, 1, 173 (1924). 

^ Speakman, E. a., Rev. 8cA. Instruments, 2, 297 (1931); Robkbds, W. M., Rev. 
Sci. Instruments, 2, 519 (1931); Sixtus, K. J., and Tonks, L., Phys. Rev., 37, 930 
(1931); Du Bois, R., and Laboureur, L., Compt. rend., 194, 1639 (1932); Partridge, 
H. M., Electronics, August, 1932, p. 262; Lord, H. W., Electronics, October, 1932, p. 
309; Steenbbck, M., and Strigel, R., Arch. Elektrotech., 26, 831; Bng., 10, 

225 (1933) (abstr.); Shepard, F. H., Jr., Electronics, February, 1935, p. 59. 

3 Reich, H. J., and Toomim, H., Rev. Sci. Instruments, 8, 502 (1937). 
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I Unknown i 6/ow 
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Unknown Am « 
copacItancFT 
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capacitance 

Fig. 15-34.—Glow-tube circuit for 
the measurement of resistance or 
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instant to ensure that plate current flows in T 2 and not in Ti, C is then 
discharged by closing S 3 for an instant. The flow of the plate current 
of T 2 through R 2 produces a voltage drop which biases the control grid 
of Ts beyond cutoff. The closing of Si for an instant then causes plate 
current to transfer from T 2 to Ti and thus reduces the current in R 2 
to such a low value that Tz is practically unbiased, and plate current 
flows through Tz. The plate current of T 3 , w^hich is nearly constant, 
charges C. The subsequent closing of S 2 causes plate current to flow 
again through T 2 , thus stopping the charging current. The change in 
the reading of the plate milliammeter of T 4 caused by the change in 
voltage of the condenser gives a measure of the time between the closing 



R,- /oo,ooo a 
R 2 = loopoo SI 
Rgs S m€0. 

R4= 5 

Fia, 15-35.'- 


R 5 = 5 meg, Rq = 10,000 sir 

Rg = Smeg, 10,000 SI 

Rj- S,000 SI 25,000 S2 

Rq- 7,S00S2 R ,2 =3(5(912 

R, 3 = 3,000 si 

-Circuit ^or the meaBurouiont of time intorvale. 


of Si and of ^ 2 - If phototubes are connected in series with liz and Ra, 
the circuit may be controlled by the interruption of light beams, insteacl 
of by keys. 

A variant of this circuit can also be used to measure the average speed 
of moving objects by means of two switches or light beams. Instan¬ 
taneous speeds may be approximated by placing the switches or beams 
so close together that there is little change in velocity over the interval. 

These circuits may bo calibrated on the basis of known circuit con¬ 
stants and measured current of but better results are obtained by 
experimental calibration. The circuit of Fig, 15-35 may be calibrated 
by means of a contactor which closes S 2 after Su The modified form 
using phototubes may be calibrated by interrupting the light beams by 
means of a pendulum or a falling mass. The time range may be changed 
by adjusting the screen voltage of Tz and the size of C. Changes in 
battery voltage are compensated by adjustments of Ru, 
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Figure 15-36 shows a time-interval meter based upon the thyratron 
switching circuit of Fig. 12-33.^ Instantaneous closing of switch Si fires 
the thyratron and initiates the flow of current through the ballistic 
galvanometer. Subsequent closing of switch ;S 2 extinguishes the thy¬ 
ratron and stops the flow of current through the galvanometer. The 



r’lG. 15-36.—Circuit for the measurement of time intervals. 


deflection of the meter is proportional to the time interval that elapses 
between the closing of the two switches. Switch Sz, which is opened by 
movement of the galvanometer, inactivates switch Si and thus ensures 
extinction of the tube when Si is closed, even though ;Si may still be 



onpSttr? f available, time may be measured by means of an a-c- 

rTce WrTbS intervals.^ A 

ace timer that uses such a meter, started and stopped by means of a 

Srds’s drcur' ^ simplified form of 

oberds circuit, requiring only one B supply, is shown in Pig. 15-37. 

2 Klop^teg P ^'1 Instruments, 12, 96 (1941), 

» Robbbds, he. cii. ' 19. 345 (1929). 
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Sound from the starting gun, striking the microphone, stops the flow of 
current in T%. This reduces the grid bias of Tz and starts the operation 
of the timer. Interruption of light falling on starts the flow of current 
in T 2 , thus biasing Tz beyond cutoff and stopping the timer. 

15-16. Counting Circuits.—Thyratron circuits for scaling down^^ 
the rate of occurrence of random voltage pulses in order to make possible 






t (xnd ' T'l^Type 57y 6C6or 6J7 
1^^=: RJ.S R* = 2SO,OOOS1 


Fto. 15-38,— Counting circuits based upon high-vacuum-tube trigger circuits. 

their counting by means of relatively slow-acting electromagnetic 
counters were discnisscd in Sec. 12-32. A number of circuits have 
also been devised in which high-vacuum-tube trigger circuits have 
been adapted to this purpose,^ Single stages of two such circuits are 

^ I.Kwm, W. B., Ptoc. Cambridge Phil. Soc.^ 33, 549 (1987); Stevenson, E. C., and 
( lETTiNa, I. A., Re^, Set. ImtrumenU, 8,414 (1987); Lifsohutz, H., and Lawson, J. L., 
Rm. Bei. ImtrumeniSj 9, 83 (1938); Reich, H. J., Rev. Scd. Instruments, 9, 222 (1988)* 
See also supplcnientary bibliography on trigger circuits, p. 415. 
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shown in Fig. 15-38.^ In these circuits the voltage pulses are ap|)li<Hl 
simultaneously, and in the same polarity, to both tubes of an h;celc\s- 
Jordan trigger circuit. Each pulse transfers the current from one iulm 
to the other. The abrupt change in current in either plate resistor is 
used to produce a voltage pulse which is applied to the grids of tlie nc^xt 
stage. By the use of n similar stages, the final one of which controls an 
electromagnetic counter, the rate at which the counter must o|>eratc^ is 
reduced in the ratio 2^, Circuits of this type are more rapid in <)|)eratfion 
than thyratron circuits but require input pulses of very steep wave front. 

15-16. Frequency Meters.—Figure 15-39 shows the circuit of an 
electronic frequency meter.^ Frequency is measured in this meter hv 

* fc 



means of the charging current of a condenser which is periodieallv 
c arged through the plate of one triode and discharged through the plate 
of another. The action is as follows: The bias of Ts and Tt is great 
enough to prevent the flow .of plate current when no signal voltage is 
apphed to the input of Ti. The excitation voltages of Tt and 7*4 are in 
phase opposition, so that when voltage is applied to the input of the meter, 
plate current can flow alternately in T, and T,. During one-half of the 
cycle of apphed voltage, C charges through and duri^ the other half 
cycle It discharges through and the milliammeter. If the amiilitudeH 

charge and discharge of the condenser are practically complete. I’h. 

average condenser discharge current is equal to 




\ t I 

^LLcHnT 7 t transformer-coupled amplifier at very low 

. and Lawson, Reich, im x vi.iy low 

Gttabnascheeei, F., and Vecchiacci, P., P.oc. I.R.E., 19 , 059 (1931, 
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and very high frequencies, the minimum input voltage that will give a 
correct frequency reading varies with frequency. A wider frequency 
range can be attained by the use of resistance-capacitance coupling and 
a phase inverter in place of transformer coupling. For high sensitivity 
to small changes of frequency a portion of the meter current may be 
balanced out by a circuit similar to that of Fig. 15-4. Since the reading 
is dependent upon the plate supply voltage Eib, the voltage should be 
held constant by means of a glow tube or other type of voltage stabilizer, 
or provision should be made for adjusting the voltage to a reference value. 


Inpuf 



Fig. 15-40,*- -Freoueiicy meter baned upon lUo Uiyrj;trou parallel Kwitolling dreuit of 

Fig, 12-34/1. 


Figure 15-40 shows a frequency meter based upon the thyratron 
Hwitching circuit of Fig. 12-346.^ The input voltage causes periodic 
Bwitcliing of plate current from tube Ti to tube When current starts 
flowing in Ti, the resulting voltage across Ri causes the condenser Ci to 
charge through the parallel paths afforded by ^Jtnd one plate of the 
diode rectifier Ta. When the current is switched to Tg, Ci discharges 
tlirough lii and lU and at the same time Ci charges through and 
the other plate of jT’a, The avei^age rectified diode current is indicated 
by the meter in series with the diode cathode. Throughout the fre¬ 
quency range in which Ci and Ci charge ^Tully^^ in less than the time of 
one half cycle of impressed voltage, the average diode current, and hence 
the reading of the meter, are proportional to frequency. For the circuit 

^ Hunt, F. V., Rev, Sci, IrntrumeMta^ 6, 43 (1935), 
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values shown in Fig. 15-40 the calibration of the instrument is linear up to 
7000 cps and approximately so at higher frequencies. 

One of the simplest methods of measuring audio frequencies is by 
means of some form of impedance bridge. Although they do not oi‘(li- 
narily incorporate vacuum tubes, a brief discussion of impedance bridges 
will be included in this section because of their frequent use in the study 
and application of vacuum tubes and vacuum-tube circuits. 

The fundamental criterion for the balance of a four-arm impedance 
bridge is that the product of one pair of opposite impedances shall be 
equal in magnitude and phase to the product of the other pair. Since 
the voltages must be balanced for both magnitude and phase, it is nctcc^s- 
sary to provide the bridge with both a variable resistance and a varial)le 
reactance. 



Cd) (b) 

Tig. 15-41,—Belfils resonance bridges: (a) series; (5) paralloL 


Simple forms of impedance bridges are the resonance bridges of Fig. 
15-41.1 Balance is obtained by varying either L or C and either n or r*. 
The student may readily show that the bridge of Fig. 16-4 la is balanetKl 
when 


^1 

r2 = — r4 

Vb 

(15-32) 

and 


II 

(15-33) 

or 


2tVW 

(15.31) 

The bridge of Fig. 15-416 is balanced when 


n L 
r, ■ nC 

and 

(15-35) 

/j—» 

^ 2t SIlC 

1 Belfils, G., Rev. gin. ilec., 19, 523 (1926). 

(15-3<1) 
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The series resonance bridge of Fig. 15-41a is evidently easier to use th a n 
the parallel resonance bridge of Fig. 15-416, for in the former the resist¬ 
ance balance is not affected by the reactance balance and the expression 
for the frequency is simpler. 

Two other forms of impedance bridge are of particular value in the 
measurement of frequency. The first of these is a modified form of 
Hay’s bridge, * shown in Fig. 15-42.^ For this bridge the general criterion 
for balance becomes 


) 


(/’i + joiL) 


(15-37) 


in which ti includes the resistance of the inductor L. 
Equating the real terms of Eq. (15-37) gives 

r = ^2^3 ~ L/C 

^ Ti 


(15-38) 


Equating the imaginary terms of Eq. (15-37) gives 




2 


rJLC 


(15-39) 


Substitution of Eq. (15-38) in Eq. (15-39) yields the relation 




CO _ _ Ti 

2t '\/L{Ct%Tz — L) 


(15-40) 


Thus, if the bridge is balanced by means of ri and r 4 , the frequency is 
directly proportional to Ti. n may be made 
numerically equal to the frequency by choosing 
the other bridge parameters so that the radical 
of Eq. (15-40) is equal to l/2irr. For maximum 
sensitivity at 1000 cps and direct-reading scale, 
the parameters should have the following values: 


L = l/2x henry, 


C = l/2x /xf, 

r2 = Tz 


and 

1414 ohms.'*^ 



Fia. 15-42.—Modifiod 
form of Hay’s bridge. 


The inductor resistance must be added to the 

reading of the decade box used for ri. The bridge should preferably 
be ungrounded, but, if a ground cannot be avoided, least error will 
result if the ground is applied at the junction of L and rg, or through 
a potentiometer connected across the a-c input (Wagner ground), as 
shown by the dotted lines in Fig. 15-42. This type of bridge has two 
disadvantages. At the higher frequencies the distributed capacitance 


I Hay, C. E., Inst P.0, Ehc. Eng., Papers, November, 1012. 

^ SoucY, (1 I., and Bayly, B. Dk F., Proc. LR.E., 17, 834 (1929). See also K. 
KtjROKAWA and T. Hoahhi, J. Imt. Elec. Eng., Japan, 437, 1132 (1924). 
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of the inductor destroys the linearity of reading, and, since ri must always 
be inversely proportional to r 4 for balance, the bridge cannot be con¬ 
veniently balanced by means of a single control. 

The disadvantages of the Hay bridge are avoided in the Wien bridge, 
shown in Fig. 15-43.^ The criterion for balance gives the following 
equation: 




:) 


(15-41) 


Equating real terms and imaginary terms of Eq. (15-41) gives the 
two relations 



n = n 


(ll _ 

Vn cj 


1 


Fig. 15-43,—Wien bridge. 

and Eqs. (15-43) and (15-44) give 

/ = 


(15-42) 

CiCarira 

If Tz = 2 r 4 and Ci == Eq. (15-42) simplifies to 
ri = r2 (15-44) 


27rriCi 


(15-45) 


Since the value of ri required for balance varies inversely with frequency, 
this bridge cannot be made direct reading. Because ri is equal to r 2 
when the bridge is balanced, ri and may be adjusted by means of a 
single dial which is calibrated to read frequency. 

16-17. Cathode-ray Oscillographs (Oscilloscopes). —An increasingly 
important electron tube device is the cathode-ray oscillograph, or 
oscilloscope.^ Although designed originally for the study of voltage and 

1 Field, R. F., Gen. Radio Expt., 6 (November, 1931). 

2 Rider, J. F., '^The Cathode-ray Tube at Work,^' J. F. Rider, New York, 1935; 
Malopp, I. G., and Epstein, D. W., ''Electron Optics in Television,McGraw-Hill 
Book Company, Inc., New York, 1938; Watson-Watt, R. A., Hked, J. F., and 
Bainbridge-Bell, L. li., ^'The Cathode-ray Oscillograph in Radio Research,” H. M. 
Stationery Office, London, 1933; Ardenne, M. von, ^'Die Kathodenstrahlrohren,” 
Julius Springer, Berlin, 1934; MacGregor-Morris, J. T., and Henley, J. A., 
'^Cathode Ray Oscillography,” Chapman & Hall, Ltd., London, 1936; Knoll, M., 
Arch. tech. Mess., 1, 76 (1931) (summary of literature to 1931); Zworyxcin, V. K., 
Electronics, November, 1931, p. 188 (bibliography of 12 items); Batcher, R, R., 
Proc. I.R.E., 20, 1878 (1932) (bibliography of 29 items); Stinghpield, J. M., Elec. 
Eng., 63, 1608 (1934); Batcher, R. R., Instruments, 9, 6, 38, 77, 112, 140, 166, 197, 
231, 255, 286, 312, 341 (1936); Parr, G., ‘‘The Low Voltage Cathode Ray Tube,” 
Chapman and Hall, Ltd., London, 1937 (extensive bibliography); Stocker, A. C., 
Proc. I.R.B., 26,1012 (1937); Mayer, H. F., Electronics, April, 1938, p. 14; Prkibman, 
A., RCA Rev., 3, 473 (1939); Overbeck, W, P., and Lop, J. L. C., Rev. Set. Instru- 
ments, 11, 375 (1940); Geohagen, W. A., Electronics, November, 1940, p. 36. 
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current wave form, the cathode-ray oscillograph finds many other useful 
applications. Its advantages over electromagnetic oscillographs ai'e 
that it draws negligible current from a source of voltage under observation 
and that it responds at frequencies ranging up to 100 megacycles. Cath¬ 
ode-ray tubes are also an essential part of television equipment. Cath¬ 
ode-ray tubes for oscillographic use are made in a variety of sizes, ranging 
from 1-in. to 18-in. screen. 

The cathode-ray oscillograph tube consists essentially of an electron 
gun for producing a beam of rapidly moving electrons called cathode rays^ 
a fluorescent screen upon which a luminous spot is produced by the 
impact of the cathode rays, and means for displacing the spot from its 
quiescent position as the result of current or voltage applied to the 
deflecting mechanism. Although the electron beam may be focused by 



Fig. 15-44. —Electrode structure of typical c.atliodo-ray tuho. 


means of magnetic fields, electrostatic focusing is usually used. Figure 
15-44 vshows the electrode structure of a typical cathode-ray tube having 
an electron gun with electrostatic focusing. The electron gun consistH 
of a thermionic cathode, a grid for controlling tlie electron density of 
the beam and hence the brightness of the luminous spot, and two anodes- 
The final velocity with which the electrons leave the gun is deter*mined 
by the potential of the second anode, which is normally maintained 
constant in the operation of the tube. The electrostatic field Ixjtween 
the grid and the first anode and between the two anodes focuses the 
stream of electrons in a manner somewhat analogous to the focusing of 
light rays by lenses.^ If the electrodes are properly shaped, the potential 
of the first anode, which is intermediate between that of the cathode 
and the second anode, can be adjusted so that tlic ele(du*on bc^am is 
brought to a sharp focius in the plane of the fluorescsent Bcreen. 

The diaphragms in the grid and first anode serve to intercept (dec- 
trons having velocity components normal to the axis of the beam and 
thus prevent loss of sharpness of the luminous spot. 

1 Malopp, L (1, and Epstein, D. W., Proe. l.R.E,, 22, 1380 (1934); 23, 263 (1935); 
Epstein, D. W., Proc, LR.E,, 24, 1095 (1936); Maloff, I. O., aiui Epstein, D. W., 
Electron Optics in Television,McGraw-Hill Book Company, Inc., New York, 
1938. 
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Magnetic focusing of the electron beam may be accomplished by 
means of either a uniform axial field extending the entire length of the 
tube or a nonuniform field, symmetrical about the tube axis, produced 
by one or more short concentrated coils, the axes of which coincide with 
that of the tube. Because of the diflficulty of producing a uniform axial 
field, magnetic focusing is ordinarily accomplished by means of one or 
more short coils. 

16-18. Deflection of Electron Beam.—The electron beam in a catli- 

ode-ray tube may be deflected either by means of an electric field produced 
by two electrodes between which deflection voltage is impressed, or b}’* 
means of a magnetic field produced by electromagnets through which 

deflection current flows. The general 
arrangement of electrodes in a tube in 
which both vertical and horizontal 
deflection is produced by electric fields 
is shown in Fig. 15-44. The deflection 
is in a plane normal to the deflec^tion 
plate surfaces and, as painted out in 
Sec. 1-20, after deflection the electrons 
niove as though they had originated at 
a point on the axis opposite the center of the pair of deflecting plates. 
Inspection of Fig. 15-45 shows that the linear displacement of the lumi¬ 
nous spot along the screen, under the assumption that the surface of the 
screen is plane, is 

y = L tan 6 cm (1546) 

in which L is the distance in centimeters from the center of the deflection 
plates to the screen. Substitution of Eq. (1-21) in Eq. (1546) gives 

EUL 

y ^ (lS-47) 

in which E is the deflection voltage in statvolts, S is the charge of an 
electron m e.s.u., I is the length of the deflection plates in centiim-tera, % 
IS the velocity in centimeters per second with which the aloctrons enter 
the deflecting field, m. is the mass of an electron in grams, and d is the 
spacing of the deflection plates in centimeters. But 



Tig. 15-45,—Electrostatic deflection of 
cathode-ray beam. 


= Safi (15.48) 

m which Ea is the potential difference in statvolts between the cathoile 
and the second anode. Substitution of Eq. (15-48) in Eq. (15-47) gives 

MIL 


y = 


2Ead 


in which E and Ea may be expressed in volts. 


(15-19) 
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Equation (15-49) shows that the displacement of the luminous spot 
varies linearly with deflection voltage but is inversely proportional to the 
second anode voltage. Since the brightness of the spot increases with 
the energy with which the electrons strike the screen, which is in turn 
proportional to the second anode voltage, a high value of brightness is 
attained at the expense of deflection sensitivity. For this reason some 
tubes contain a third anode, which may take the form of a grid adjacent 
to the screen or of a graphite coating on the wall of the tube. The second 
anode voltage may thus be made low enough to give high deflection sensi¬ 
tivity and the high velocity required for spot brilliance be given to 
the electrons subsequent to deflection. Equation (15-49) shows that 
deflection sensitivity is also increased by lengthening the plates. In 
order to prevent the electrons from striking the deflection plates at large 
values of deflection, long plates are usually divergent over a portion of 
their length. 

In most applications of cathode-ray tubes the deflection voltage 
varies. The deflection is then proportional to the integral of the deflec¬ 
tion voltage throughout the time of transit of electrons between the 
plates. If the rate of change of voltage is sufficiently small so that the 
voltage is essentially constant during the time of transit, the deflection 
is proportional to the instantaneous voltage. This is not true, however, 
when the period of alternating deflection voltage is of the order of magni¬ 
tude of the transit time between the deflection plates. The high-fre¬ 
quency limit of the deflection voltage that can be analyzed by means 
of a cathode-ray tube is therefore dependent upon the transit time. 
I^ecause the transit time is decreased by increase of second anode voltage 
and by decrease of length of deflection plates, both of which reduce the 
deflection sensitivity, it follows that tubes designed for use at very high 
frequencies have low deflection sensitivity. The limiting frequency at 
which a cathode-ray tube can be used is reduced by capacitance between 
the deflection electi'odes and their leads and by lead inductance. These 
are minimized by bringing the leads directly through the wall of the 
tube, as in Fig. 15-44, but for the sake of simplicity of manufacture and 
convenience of making connections, the leads are brought out through 
the base in most tubes designed for oscillographic use. 

Two coil arrangements that may be used in producing electromagnetic 
deflection are shown in Figs. 15-46 and 15-47. Because of the large air 
gap and the low magnetizing force that is ordinarily used, an iron core 
does not greatly increase the sensitivity but is sometimes used to help 
in shaping the field. In the arrangement of Fig. 15-47 the coils may be 
bunch-wound and wrapped about the neck of the tube, as shown, or 
they may be wound in a slotted core similar to the stator of a two- 
phase induction motor. In order to prevent interaction between the 
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horizontal and vertical pairs, the coils must be carefully designed and 
mounted. 

The deflection produced magnetically is normal to the flux (see Sec. 
1 -21). It follows from Eq. (1-29) that the displacement over the surface 
of a spherical screen is given by the relation 


fu = ^ = 0 297 —= 

y 3 X 10i'>\2mey'300£; ' -sjEa 


(15-49^) 


in which s is the distance in centimeters throughout which the magnetic 
field acts, B is the flux density in gauss (assumed to be constant through- 




Ih'io. 15-46.—Structure and flux pattern of coils for electromagnetic deflection of catliodo- 

ray beam. 




Fig. 15-47.—Structure and ilux pattern of coils for electromagnetic deflection of catliode-ray 

beam. 


out the distance s), L is the distance in centimeters from the center of 
the field to the screen, and Ea is the second anode voltage in volts. At 
low frequencies the deflection sensitivity may be increased by increasing 
the number of turns in the deflection coils, but at high frequencies it is 
usually necessary to keep the coil inductance small. 

Most cathode-ray tubes designed for oscillographic use employ electro¬ 
static focusing and deflection. Sometimes deflection in one direction is 
produced electrostatically, and at right angles magnetically. The 
obvious advantage of electrostatic deflection is that little or no deflection 
current or power is required. The auxiliary circuits are therefore much 
simpler, and difficulties arising from coil inductance are avoided. 
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Large angular deflection requires that electrostatic deflection plates shall 
either be short or have large separation in order that they will not inter¬ 
cept the electrons. Since either small length or large separation results 
in low deflection sensitivity, tubes designed for electrostatic deflection 
usually use relatively small angular deflection and must consequently be 
longer than tubes designed for magnetic deflection. The greater struc¬ 
tural simplicity of magnetic-deflection tubes makes them cheaper to 
manufacture and more rugged than electrostatic-deflection tubes. 
Magnetic deflection is not satisfactory in the study of voltage wave 
form, since inductance of the deflection coils causes the current wave 
form to differ from that of nonsinusoidal voltage impressed upon the 
coils or upon the amplifier that excites the coils (see Fig. 15-54). For this 
reason magnetic deflection is ordinarily used only in producing a time base. 

16-19. Cathode-ray Tube Screens.—The screen of a cathode-ray 
tube consists of a thin layer of a phosphor^ which is a material that 
luminesces as the result of bombardment by rapidly moving electrons. 
The bombardment gives rise to both fluorescence or emission of light 
during bombardment and phosphorescence or emission of light after 
bombardment. The phosphor is applied to the inside of the end of 
the tube by spraying, dusting, or precipitation from a liquid. Factors 
governing the choice of the phosphor for a specific type of tube are the 
required luminous intensity of the spot per watt of the incident electron 
beam, the desired rate of decay of phosphorescence, and the desired color 
of the light, which dc^pends in turn upon whether the tube is to be used 
visually or photographically. Slow decay of phosphorescence makes 
p()ssil)le the vis\ial observation of nonrex)cating transients and prevents 
flicker in the visual observation of periodic voltages or currents of low 
fr 0 <iuency, but causes blurring whenever an image on the screen moves or 
changes form, A compromiae must therefore be made between absence 
of blurring and frciCMlom from flicker. 

Continued bombardment of one point of the screeia reduces tlu^ 
sensitivity of the |)h<)sphor and may eventually result in its destruction. 
Furthermore, at Ifigh voltages the impact of the electrons upon the 
screen may raise ii-s temperature sufficiently to molt the glass. For 
these reasons the Ix'iam should be turned off when the spot is stationary. 
To avoid reduction of semsitivity of the screen it is also best not to oper¬ 
ate the tul)e over an extended period with an unchanging pattern. Many 
oHcilloHCopes are provided with a switch that turns off the beam by 

^ Niciions, E. L., llowns, II. L., and Wilber, I). T,, ^Tlathode-liiminescence and 
Lmniiiesccmce of Incandescent Solids,” Carnegie Imt. Puh,j Washington (1928); 
ToMAKctiEK, E., Die PhyHik, 2, 33 (1934); Peekins, T. B., and Kaiifmann., H. W., 
/h’or. JMJL^ 23, 1324 (1935);InwY, L,, and West, 1), W., J. InsL Elec, Eng. (London)^ 
79, 11 (193(1); MAnoFF, L (1.. and Ebstein, D. W., EkclronicB, November, 1937, p. 31. 
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applying a high negative potential to the grid. Where such a Bwitch 
is lacking, the beam may be turned off by means of the intensity control. 
The life of the tube is greatly extended if the operator forms tlu^ hal)its of 
turning off the beam when not making an observation and of nsing as low 
brilliance as possible. 

15-20, Oscilloscope Time Bases. —Cathode-ray oscillograph tubcB 
are provided with two sets of deflection plates or coils, mountcHl so tlnafc 
the deflection produced by one is in the horixsontal or X. diriadion, and 
by the other in the vertical or Y direction. SimultaneouB a|)|)li(nition 
of direct voltage to both sets of plates or of current to l)otli sets of coils 



produces a displacement that is the Vi^ctor 
sum of those which result from the individual 
voltages or currents. Since the rcHults ob¬ 
tained with magnetic and electrostatic thdlec- 
tion are essentially the same, mneli of the 
following discussion will mention only (*l{H*tro- 
static deflection. 

When alternating voltage is applicHl to one 
pair of plates, the spot oscillates and, lH‘(‘auHe 
of phosphorescence and persistence of vision, 
is seen on the screen as a line. Ap|)Iieation of 
alternating voltage to both sets of |)Iatc!S 


causes the spot to trace a complicatcHl path 
which does not in general close upon itself if the fretiuencies of the two 
voltages are different and which is, therefore, sc^en as a moving paitvrn. 
If the quotient of the two frequencies is rational, the patli closer and tbe 
image is seen as a stationary pattern. A rational freciuancy ratio can be 
deternoined by enclosing the pattern by a rectangle th(^ sides of wliieh are 
parallel to the X and F axes and tangent to the pattc^rn. The ratio 
of the Y to the X frequency equals the number of points of tangcuiey of 
the curve to a horizontal side of the rectangle divided by the number 
of points of tangency to a vertical side. Thus, in Fig. 15-48 tlie ratio 
of the F frequency to the X frequency is 3:2. The form of the imttern 
IS also affected by the harmonic content, amplitude, and pliase rcbition 
of the two voltages. For sinusoidal voltages of the same fnanicuicv, 
that are of equal amplitude and in phase, the pattern is a straight line! 
ma^ng a 45-degree angle with the horizontal As the phase iff cmti 
voltage IS changed, the pattern becomes an ellipse which widems with 

90 degrees. Although these patterns, called Limapm figures, may be 

St^r. ai bi:?' “ 
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In order that the image shall show the unknown voltage as a function 
of time, it is necessary that the spot shall periodically sweep across the 
screen horizontally with uniform velocity up to a certain point and then 
return instantaneously to its zero position. If the time taken for one 
timing sweep is equal to the period of the voltage applied to the Y plates, 
the pattern will consist of one cycle of the Y voltage. If the sweep 
frequency is equal to A/n, the image will show n waves of the F voltage. 
The image will be stationary if n is a rational 
number. The required horizontal movement 

of the fluorescent spot can be produced by 15-49.—-Wave form of 

means of an X voltage that periodically linear sweep voltage for cathode- 
increases uniformly with time and falls to oaciiiogiaph. 
zero instantaneously upon reaching a given value. The wave form 
of such a voltage is shown in Fig. 15-49. The earliest method of obtain¬ 
ing a saw-tooth voltage was by means of a rotating voltage divider. 
The usefulness of this method was limited by friction of sliding contacts 
and by contact resistance and other mechanical difficulties. The devel¬ 
opment of vacuum-tube oscillators for producing sweep voltages greatly 
increased the field of application of the cathode-ray oscillograph^ and 
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Pio. 15-50.—Sweep oscillator and amplifier. 


made possible the synchronization of the sweep voltage to the unknown 
voltage (see Secs. 10-13, 10-15, and 12-33), 

Methods of producing saw-tooth voltages were discussed in Secs. 
10-13; 12-6; and 12-33. Although circuits using only high-vacuum tubes 
have a higher frequency limit of oscillation, the arc-tube circuits of 
Fig. 12-38 or 12-50 or modifications of these circuits are usually used as 
sweep oscillators in oscilloscopes.^ Figure 16-50 shows a circuit that 

1 BiDEtL, F., and Ekich, H. J., /. Am. Imt Elec. Eng.^ 46, 563 (1927). 

» Feubhauf, G., Arch, EleMroLy 21 , 471 (1929); Bamukl, A. L., Rev, Sci. Instru¬ 
ments^ 2 , 532 (1931) (with bibliography); Finch, G. I., Sutton, R. W., and Tookk, 
A. E., Free, Fhys. Sec, London^ 48, 502 (1931); Beewek, F. T,, Electronics^ December, 
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incorporates an amplifier for varying the sweep amplitude,' Praetiral 
sweep oscillators do not furnish a voltage that completely HatisfieH tiie 
requirements for a perfect sweep voltage, since some time in rcHfuired 
for the voltage to fall to zero at the end of the cycle. Because ol tliis, 
a portion of the observed phenomenon occurs during the return swc‘i‘|). 
The fraction of the cycle taken by the return sweep is ordinarily iic*g- 
ligible at low frequency, but at very high frequencies tlie nrturn tirnis 
may be large enough so that a pattern of appreciable^ intemsity is traced 
during the return sweep. The pattern traced during t.he^ return swi*e|> 
may be eliminated by biasing the grid of the catliode-ray tub«! b«‘yoiid 
cutoff during the return sweep. The required pulse of negative voltiige 
may be obtained from a small resistor in series with tlui tulxs tliat dis¬ 
charges the sweep-oscillator condenser, such as the 5()()-ohm eiirrcmt* 



Fig-, 15-51,—Wave form of sweep voltage used when it in (leniretl to olmerv*^ only fi jwniion 
of the cycle of voltage irnpreHsod upon the o«(dlloHeope. 


limiting resistance in series with the 884 tube in circuit of Fig. Ifj-.’M). 
The voltage pulse may also be obtained by pa.ssing the Haw-tooth voltage 
through the pulse-forming circuit of Fig. 10-10. 

When it is desired to observe in detail a small portion of the entire 
cycle of a voltage wave, or a periodic voltage pulgo of short (Jurati<»ii 
repeated at a relatively low frequency, the luminous spot shouki sw(H*p 
only during the portion of the cycle to be observed and remain at r«(Mt 
during the remainder of the cycle. This result (uin be attained by the 
use of a sweep voltage of the form of Fig. 15-61, which may getu-rnted 
by the circuit of Fig. 15-52.2 This circuit is a combination of the thyra- 
tron relaxation oscillator of Fig. 12-50, the pulse-forming circuit, nf 
Fig. 10-11, the trigger circuit of Fig. 10-8, and tlu; circuit of Fig. KKU, 


1931, p. 222 ; Scott, H. H., Gm. Radio Expt., 7, No. 1 (1932); Ui.»a«<-irr, ( 3 ., Um-ht. 
tech. u. Elehtroakus., 39, 130 (1932); PmcD.-O. S., Can. J. Hmmrch, T, Nil (UmV 
lucKs, W., and Krobmee, H., Arch. Etektrotech., 27, 12 ri, fit)(l (1033); Ham.kk, C. K 
Rev Sci. Instrv^nts, 4, 385 (1933); Zworykin, V. K., J'rnr. I.H.E., 21, KWH (1933^ 

Noi-tinoiiam, W. H., J. Franklin Iml., 211, 751 
r E April, 1»34. p. 110; I.knsu.. 

Prof ’/ CiouisMi™, O'. '1'., Jr., R„d r, a . 

Proc. I.R.E., 23, 653 (1935); McCarthy, 1)., O'w/m ir„rW, 87, 3($7 ( 193 . 5 ,; 
romes, February, 1936, p. 42; Lbed,s, L. M., Proc. I.R.E., 24, 872 (1936)• Pfrrrra 
J. L., Proc. PP P. 26, 713 (1938). See ako Parr, 0 /,. ,A. 'pi m i,!C ' ' 

WALLER L. C Radio Retailing, January, 1937, p. 65. 'FhiH arti(jl«j kivm i-i.ih. 
tube^.construction of an oHcilloscoiu* amiiR a typo 913 ciilhodti-ray 


2 Haworth, L. J.-, Rev. Sci. Instruments, 12, ITB (li)41). 
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The functions of the various portions of the circuit are indicated by the 
wave forms of the voltages at various points. 

A much longer time base can be obtained by the use of a circular or 
spiral sweep. A circular or eliptical sweep is obtained by applying 
to the two sets of deflection plates voltages that are 90 degrees out of 
phase, obtained from a series combination of resistance and capacitance 
or inductance, as shown in Fig. 15-53. The voltage under observation 



Fia. 15-52.—Expanded-sweep circuit for the observation of a small portion of the cycle of 
voltage impressed upon the oscilloscope. 

is made to produce a radial displacement of the spot proportional to the 
instantaneous voltage by superimposing it upon the direct voltage of the 
second anode, ^ or by modulating the input voltage of the circuit of Fig. 
15-53 in accordance with the voltage under observation, by means of a 
linear modulator. A spiral sweep is obtained by modulating the input 
voltage of the circuit of Fig. 15-53 in accordance with a saw-tooth voltage. 



Fi«. I5-53."~Oir- 
cuit for i)roduciiig a 
(jircular sweep. 



voltage re(iuired to j>r<>du(MJ linear 
electromagnetic sweep. 


The voltage under observation is superimposed upon the saw-tooth 
voltage in modulating the input to the pliase-splitting circuit. 

In order to obtain a linear sweep by electromagnetic means, the 
current through the deflecting coils must be of saw-tooth form. The 
linear rise in current through the coils requires a linear rise in voltage 
across the coil resistance and a constant voltage across the coil inductance. 

^ Variation of second anode voltage varies the deflection sensitivity, and hence tlm 
radius of the (urcular sweep. See N. V. Kipiukg, TFfreZeas Worlds 13, 705 (1924), 
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The periodic wave of voltage across the coil must therefore bo the sum 
of a saw-tooth wave and a rectangular wave. The desired result may be 
obtained by impressing a wave of the form of Fig. 15-54 upon the input 
of the circuit of Fig. 15-55. The function of the diode, condenser, and 
resistance in the circuit of Fig. 15-55 is to damp out transient o.scillations 
set up in the transformer and deflection coils by the discontinuities of 
current. Voltage of the form of Fig. 15-54 may be obtained from a 
saw-tooth-wave oscillator by the addition of resistance in series with the 
condenser, as shown in Fig. 15-56. The constant condenser charging 
current produces a constant voltage across R' and a linearly rising 
voltage across the condenser. R' is varied until the current wave has 
the correct wave form. 



Fio. 15-66 —AmpUfier for producing linear I’iq. 15-66.—Oaeillator for the ueiirmtion of 
electromagnetic sweep. voltages of the form of Fig. 15-64. 


16-21, Oscilloscope Amplifiers.—Oscilloscope amplifiers serve the dual 

purpose of providing sufficient voltage to give the desired deflection, 
and of making possible the variation of deflection voltages without 
drawing appreciable current from the source under observation or from 
the sweep oscillator. Sweep amplifiers must be capalile of amplifying 
frequencies ranging from the fundamental frequency up to approximately 
the tenth harmonic. In order to cover the sweep frcfiuoncy range of 
50 to 50,000 cps, therefore, the sweep amplifier must have negligible 
frequency and phase distortion in the range from 50 to 6(M),(KK) cps A 
similar frequency range is deshable in the Y-deflection amplifier in the 
study of wave form, particularly when the wave contains near-discon- 
tinuities. Compensated amplifiers embodying cathode-follower .stages 
simflar to the amplifier of Fig. 6-24, are used in the best oscil Iosco pes. 

+h shows the usual manner of coupling the deflection i>Iates 

to the output of a single-sided amplifier. The voltage divider P changes 
the direct voltage between the plates and thus displaces the imago 
on the screen. Since the second anode and one deflection plate of each 

orsira^m'lTfi makes 

possible a simphfied tube structure. It has the disadvantage, however, 

anode alTthe eathod^^^ Potential of only one plate relative to the second 
anode and the cathode produces a corresponding variation of the effective 

accelerating voltage and thus destroys the linearity lietiCdeflecricm 
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SEa 15-22] 

voltage and deflection.^ This difficulty may be avoided by using a 
push-pull amplifier to excite the deflection plates. The potential 
of one plate relative to the second anode then falls by the same 
amount that the other rises and the average potential of the deflec¬ 
tion plates relative to the cathode remains constant. The cathode- 
phase-inverter circuit of Fig. 5-16 may be conveniently used for this 
purpose. Figure 15-58 shows a form of this circuit that makes it possible 
to displace the image on the screen. Increasing the magnitude of the 
bias of Ti above that of T 2 by means of the potentiometer P decreases 
the plate current of Ti and makes the voltage drop across Rii less than 



Fig. 15-57. —Single-sided oscilloscopo Fig. 15-58. —Puah-pnll osGilloacope anipli- 
amplifier with a control for displacing the fior. 

pattern. 

that across i? 62 . A direct difference of potential is thus established 
between the deflecting plates, causing a steady deflection of the image. 

The complete circuit diagram of a typical oscilloscope is shown in 
Fig. 15-59 (see Prob. 15-1). 

16-22, Electronic Switches for the Observation of Two Waves.— 

Most cathode-ray tubes that are now on the market contain only one 
set of elements and can therefore be used directly for the observation 
of only one voltage as a function of time. Two or more waves can be 
observed simultaneously by the use of a commutator,^ but this method 
is not very convenient. A number of electronic circuits have been 
developed that make possible the observation of two waves.^ In these 
circuits the two voltages to be observed are applied to two amplifiers, the 
outputs of which are impressed upon the Y deflecting plates. Some form 

^ DuMont, A. II., Electnmim, Jaiiuary, 1935, p. 16. 

^ Bisdbiul, and llEien, loc. ciL 

^Sewio, R., Z.f, teak Phi/sik., 14, 152 (1933); Bkown, C. B., Electronics, 6, 170 
(June, 1933); Davidson, I. B., Sci. Instruments, 11, 359 (1934); Oaeoeau, L,, Rev, 
Sci, Instnmienta, 6, 171 (1935); DuMont, A., Electronics, Marcli, 1935, p. 101; 
WoomwFF, L. F., Elec. Eng,, 54, 1045 (1935); GEOiiOE, R. H., Hntwr, H. J., and 
Roys, C , S., Elec. Eng., 64, 1095 (1935); Huchies, H, K., Rev. Bci, InstnmmtB, 1 , 89 
(1936); Shumabd, (1 0., Elec. Eng., 67, 209 (1938); Reich, H. J., Rev. Sci. Insimmenis, 
12, 191 (1941). 
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of trigger switching circuit, such as those of Fig. 10-8, 10-9, or 12-34, 
synchronized to the sweep voltage, is used to control the control-grid, 
screen, or suppressor voltages of the amplifiers in such a manner that the 
amplifiers amplify during alternate sweeps. The images of the two waves 
are formed on the fluorescent screen during alternate sweeps. Because 
of phosphorescence and persistence of vision, they appear to be seen 
simultaneously. 

A typical switching circuit is shown in Fig. 15-60.’^ This circuit 
uses pentode amplifier tubes controlled by a parallel thyratron switching 
circuit of the form of Fig. 12-34a. The screens of the amplifier tubes 
Ta and Ti are connected to the anodes of the thyratrons Ti and Ti, 



Fui. 15-(H).—Eloc-troiiic Hwitch for tho simultaneous observation of two waves with a single- 

oloinoiit cathodo-ray tube. 


respectively’. The amplifier cathodes are positive relative to the thyra- 
trori cathodes by a voltage that exceeds the thyratron tube drop. Hence, 
when either thyratron fires and the voltage of its anode relative to its 
(iathode falls to a value equal to the tube drop, the screen voltage of the 
corresponding amplifier tube is made slightly negative redative to its 
cathode, so that its plate current is reduced to isero, and the tube ceases 
to amplify. 

16-23. Electronic Transient Visualizers.—The periodic contactor 
(circuits mentioned on pages 457 and 491 are of value in the study of 
transient voltages and currents by means of the cathode-ray oscillograph.^ 
The sweep oscillator voltage, in addition to providing time deflection 
of the fluorescent spot, varies the grid voltage of an amplifier tube, the 
plate circuit of which contains a relay. The relay is used to open and 

1 C'IrKOROK, Hem, and Hoys, ibid, 

^ Eeicu, II, J., Heth Set, 6 , 7 (1934), 
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close the circuit in which the transient is produced, the adjustment 
being such that the transient is initiated at the beginning of the timing 
sweep. Since the relay operates at the same instant in each sweep the 
transient is observed on the screen as a stationary figure. Limitations 
imposed by relay inertia and chattering are overcome by the use of an 
884 thyratron tube in place of the mechanical relay, as shown in Fig 
15-61.1 Extinction of the 884 switching tube is accomplished by 
virtue of the ability of the 884 grid to interrupt anode current of 50 ma 
or less when the grid is made sufficiently negative. The saw-tooth 
voltap of the sweep oscillator is applied to the grid of Ti with proper 
polarity so that the sudden change in voltage when the sweep oscillator 
tube Ta fires causes the negative bias of to increase enough to cut 



la a. 15-61.—Electronic transient visualizer. 

off the_ anode current. Since this change in voltage is very rapid, the 
extinction time of Ti may be made as small as 10 Msec. As the condenser 
Cl charges, the negative grid voltage of Ti decreases and at some time 
m the cycle becomes so small that Ti again fires. If the plate circuit of 
Ti contains only resistance, the wave of anode current, and the voltage 
across this resistance, are observed to be square topped, as they should be 
it firing and extinction of r4 are rapid. The condenser C% of Fig. 15-61 
serves to delay the extinction of Ti, so that a transient initiated by the 
minction of Ti will not start during the return sweep of the fluorescent 
^ot. The frequency of repetition is controlled by Ci, Ri, and R^. 
As and con^trol the portion of the cycle during which Ti conducts. 

4 device may be used in the oscillographic 

study of transient osciUations in coupled oscillatory circuits and in lines. 

Another type,of visualizer, in which the transient is initiated by a 
voltage impulse, is based upon the relaxation circuit of Fig. 12-43.2 The 

1 IfeNNETT X A master’s thesis, Cornell University, June, 1936; Rkicm, H. J., 
lec.Eng., 66, 1314 (1936), Tram. Am. Inst, Elec. Eng., 66, 873 (1937) 

2 Reich, ibid, ' 
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voltage that causes the transient is preferably taken from a resistance in 
series with Ci, either directly or through an amplifier, and the circuit is 
tripped by means of voltage from the sweep oscillator. A similar circuit 
of somewhat reduced flexibihty is obtained by taking the transient 
exciting voltage pulse from a resistance in series with the sweep oscillator 
condenser, through a suitable amplifier. i 
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Fig. 16-62. Circuits for using transient visualizer in the study of transient oscillations in 
(o) coupled circuits and (6) linos. 

A third type of transient visualizer is illustrated in Fig. 15-63.® 
The action of this circuit is as follows: During one-half of the cycle of 
alternating supply voltage, the condenser Ci is charged from the second¬ 
ary of the transformer through the rectifier T^. At the positive crest 
of the following half cycle the thyratron Ti fires, and C 4 begins to charge 



1' i((. 16-0,1. Transient visualizer that initiates the transient by tlio discharge of a condonsor 

through a thyratron. 

causing a horizontal deflection .of the fluorescent spot. Firing of Ti 
also applies a positive impulse to the grid of Tj, causing it to fire. Ci 
discharges through Tg, producing a voltage pulse across Rg, the shape 
of which depends upon the parameters Ci, Ca, L, Ri, and R^. This 
voltage, or a portion of it, may be applied to the circuit in which it is 

‘ Unpublished paper by P. W. Ryburn, Univ. of Illinois, 1938. 

“ Rokats, N., Oen. Elec. Rev., 89, 146 (1936); Trans. Am. Inst. Elec. Eng., 66, 873 
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desired to initiate a transient. The transient is thus repeated in synchro¬ 
nism with the sweep at the frequency of the alternating supply voltage. 

16-24. Oscillographic Comparison of Frequencies.—The cathode-ray 
oscillograph can be used to advantage in the calibration of oscillators by 
comparison with known frequencies. The simplest method is by the 
use of Lissajous figures. The output of the oscillator that is to be 
calibrated is applied to one pair of deflecting plates and the standard 
frequency to the other pair. Either frequency is adjusted to give 
a stationary pattern. The frequency ratio is equal to the ratio of the 
number of horizontal and vertical points of tangency of a rectangle that 
encloses the pattern. 

A second method of frequency comparison was developed by N. V. 
Kipping.^ In Kipping^s circuit, shown in Fig. 15-64, the lower frequency 

is applied to a series combination of resist¬ 
ance and capacitance. The voltage across 
the resistance is applied to one set of deflect¬ 
ing plates, and the voltage across the con¬ 
denser to the other. Because these voltages 
are 90 degrees out of phase, a circular 
pattern is obtained when the resistance is 
adjusted so as to make their amplitudes 
equal. The higher frequency is introduced 
into the anode circuit. Variation of anode 
voltage changes the electron velocity and, 
therefore, the deflection sensitivity. This 
causes the diameter of the circular pattern to 
change, the effect being equivalent to a radial displacement of the spot 
relative to the circle. If the ratio of the two frequencies is rational, a 
stationary pattern is obtained. The frequency ratio is equal to the 
number of whole waves superimposed on the circle, divided by the numbei- 
of revolutions that the spot makes in completing the pattern. With 
modern tubes, which incorporate a control grid/ the higher frequency may 
also be introduced into the grid circuit to produce a variation of intensity 
along the circle. The latter method is not satisfactory for other than 
integral frequency ratios, however, because of the difficulty of determining 
how many times the spot moves about the circle in completing the 
pattern. 

A third method^ makes use of the circuit of Fig. 15-65. The two 
voltages ei and ea, of frequency/i and/ 2 , are first applied individually, and 
the resistances and capacitances are adjusted so that each voltage 

1 Kippino, N. V., WireUsB World, 13, 705 (1924). 

2 Rangachari, T. S., WireleBB Eng., 6 , 264 (1928), 6, 184 (1929); KimmiMEYmi, 
Berotard, Rev. Sci Instruments, 7, 200 (1936), 8, 348 (1937). 



Pig. 15-64.—Circuit for the 
oscillographic . comparison of 
frequency. 
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produces a circular pattern. When the two voltages are applied simul¬ 
taneously, the pattern is some form of roulette, of which the cycloids 
are examples.^ If the amplitude of the higher frequency is somewhat 
smaller than that of the lower frequency, the pattern will in general 
have one or more cusps or loops. A stationary pattern is obtained if the 
ratio of the higher to the lower frequency / 2 // 1 , reduced to its simplest 
form, is N 2 /N 1 , in which N 2 and Ni are integers. For the circuit of 
Fig. 15-65, there are N 2 + Ni loops or cusps, pointed outward. In 
generating the pattern, the fluorescent spot moves from one cusp or 
loop to the iVith next one. Thus Ni may be 
determined by adding one to the number of cusps 
skipped by the fluorescent spot. If N is the 
total number of cusps, N = N 2 + Ni. If the 
ratio of the frequencies cannot be expressed as 
the ratio of two integers, the pattern will have 
N 2 + Ni cusps, where N 2 /N 1 is the rational 
number that most nearly approximates the fre¬ 
quency ratio / 2 // 1 , but will rotate. If / 2//1 is 
less than iVa/iVi, the pattern will rotate in the 
same direction as the spot moves when the lower 
frequency/i is applied alone, which may be termed the positive direction. 
The frequency ratio is 



Fig. 15-66.—Circuit for 
the oscillographic compari¬ 
son of frequency. 


fj 

fi 


(1 

.. n7 .. 


(15-50) 


in which fz is the number of revolutions of the pattern per second. If 
/ 2//1 is greater than on the other hand, the direction of rotation 

is negative, and the numerical value of /s should be taken as negative 
in Eq. (15-50). The positive direction of rotation can be readily deter¬ 
mined by increasing fi or decreasing /2 slightly. The rotation is positive 
if the spe<Kl of rotation increases. 

If the position of one condenser and its associated resistor is inter¬ 
changed in the circuit of Fig. 15-65, there are ^2 — Wi cusps or loops, 
pointed inward. For frequency ratios for which Ni exceeds Nt — Ni, 
interpretation of the patterns is more difficult with this modified circuit 
since tlie fluorescent spot makes more than one complete trip around the 
center between two successively generated cusps, and the patterns are 
intricate. Figure 15-66 shows typical patterns obtained for several 
frec|uency ratios. All patterns are for the circuit of Fig. 15-65 with the 
exception of the lower right pattern, which was obtained with the 
transposed circuit. 

* llKYNoi.DH, J. ]i., and Weida, F, M., “Analytic Geometry and 3qeineixts of 
C-iilculus/^ p. 246, Prentice-Hall, Inc,, Now York, 1930, 
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The circuit of Fig. 15-65 cannot be used with an oscillograph in 
which there is a common connection between one horizontal and c ne 
vertical deflecting plate. With tliis type of oscillograph the circuit of 



Fig. 


=700 iirs h=7oo ...J 

15-66.—Oscillograms obtained with the circuit of Fig. 16-66 for variouH ^rvnxivnvy 

ratios. 


Fig. 15-67 may be used.^ The impedance of the isolating tranefornier 7’ 
should be high in comparison with the resistance Ri. For frequencies 
in the audible range an ordinary interstage coupling transformer and a 
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S, 




should be the lower frequency. Resistance or capacitance between the 
Y plates or leads produces a phase shift which makes it difficult to obtain 
a circular pattern for the voltage 62 at very high frequencies. No 
difficulty is encountered, however, even above 10,000 cps, if the Y plates 
are not shunted by a leak and if the connection from the ungrounded Y 
plate to the transformer is short. A high resistance Rz across the 
secondary is sometimes of help at high frequencies. If the primary 
and secondary of Fig. 15-67 are wound in the same direction, the cusps 
or loops of the pattern will point inward. The pattern may be trans¬ 
formed into one in which the cusps point outward by transposing the 
primary or secondary connections or by 
interchanging the position of either I'esistor 
and its associated condenser. Provision 
should be made for the variation of the ampli¬ 
tudes of 61 and 62 both in the circuit of Fig. 

15-65 and in that of Fig, 15-67. 

15-25. Effect of Capacitance of Deflecting 
Plates.—Special precautions must be taken in 
the use of the cathode-ray oscillograph in the 
study of small voltages and currents. The capacitances of deflecting 
plates and their leads, although small, may under certain circumstances 
produce surprising results. In Fig. 15-68, and Vy are two resistances 
through which a common alternating current flows. If Tx and Vy are 
high, it is found that when the voltages across them are applied to the 
cathode-ray oscillograph by closing the switches Si and the image 
may be an ellipse, instead of the straight line that would be ex|)ected 
with voltages that arc in phase. If only one rcisistor were known to bo 


nir' 


H 


Fig. 15-68.'—Circuit in 
which the csai>acitanco of the 
dofloctiiig platoB may* affect the 
form of the osoillogmin. 



Fi<,j. 16-60.—Circuit fur tlic oHcillographic dotermiuatioa of current-voltag© characteristici 
of the clomont X. Errorw may roault from defloctirig-plato capacitancea (Jx and 


nonroactive, tho incautious observer might conclude that th<s phase 
difference of the voltages results from reactance in the other resistor. 
Actually, the difference in phase results from inequality of the electrode 
capacitances and Cy, or of the re-sistances r* and Ty. 

Although the simple circuit of Fig. 15-()8 is not likely to bo used, 
modified forms of it may be. Thus, the circuit of B"ig. 15-69 may, for 
example, be used to determine the current-voltage characteristic of the 
element X. The load resistor n may be of the order of i megohm, so 
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that the capacitance of the deflecting plates and amplifier f-ulx^ ma.v 
produce appreciable shift in the phase of the voltage across rj. Siruilurly, 
if the resistance of X is high, C„ may appreciably alhast the phase of 1 1 h^ 
voltage across it. 

16-26. Electron-ray Tube.—Another type of cathode-ray tnlie is the 
electron-To/y tube or wxgic eye which is used as a tuning indiealor in raulio 



FLUORESCENT 

COATING 


.RAY -CONTROL 
ELECTRODE 


TRIOOE 
-^PLATE 


CATHODE 



^ ^ Pay-confroi 
e/eefroafe 

ano(ifc 

shii^fd 
—Ancick 
’'"’^Caffyoafe 

e/ec^ra/^ 
sA/e/i/ 
r/mrvscer?^ 

'^**Fcfyronfrp/ 

ek^frod& 


Fig. 15-70.—Structure of the type 6AB5 olecHron-ruy tu}»e. 


receivers.^ This tube, the construction of vvhicth is sliown in l*'ig. lf>-70, 
contains two sets of elements, one of which is a triod(‘ ainplilier and Ihi* 
other a cathode-ray indicator. The latter consists of a (•athode, ii 
fluorescent anode (target), and a control electrode wliich controls the 

portion of tlie lluoi-eseent atUMle 
upon whicli the electrotiH strike. 
The ray-control elcetrod<» i.s <H»n- 
nected to the iflatr* of f h(^ nniplilier 
section, whicli is e(»nnc(’ted to the 
supply voltage through a liigli nwi.st^ 
ance, as shown in Fig. l.')-71. Varia- 
tion of th(5 aniplili<‘r grid vtdfagis 
Fio. 15-71.—Electron-ray-tubo oirouit. changes tlu? voltiigeof tilern.v-eorilrol 



electrode, and thus the portion of thii 
target that fluoresces. The fluorescence is observeti as an auntiliir sector 
of varying angular width. The tube may be calibrated for uw* as a v«*lt- 
meter where rough measurements suffice. VVlien the electron-ray tulai 
is used as a tuning indicator, the a-v-c biasing voltage*, which incr<*asi'!ii 
with amplifier output, is used as the control voltage. 

‘Wallee, L C., and Richakds, P. A., Rtulia lidaiUnn, Dt-eeiiiher, i5>:i5, p. 47: 

xT°^’ (1936); Waolkr, L. C., QST, Octelter, 1036. 

p. 35, November, 1936, p. 23; Waller, L. 0., RCA Rm>., 1, 111 fiU37), 
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16-27. Determination of Static Tube Characteristics.—It wotild 
seem at first thought that the determination of static tube cliaractcuistics 
by means of direct voltages and d-c meters is such a simple pi'ocedure 
that it requires no discussion. Unless certain precautions are observed, 
however, erratic readings of plate current may be observed, 
can usually be traced to high-frequency oscillations in the l)attcry leads, 
the necessary inductance and capacitance being furnished l>y the in<vters, 
leads, and electrodes. A type 56 triode, for instance, will oscillatx^ 
readily with a plate voltage of only 45 volts if the grid and platen leads 
happen to be of correct lengths to bring the grid and plate circuiits into 
resonance. The difficulty may be prevented by the use of l)y-pass 
condensers from grid and plate to cathode or a resistance in series with 
the grid, if grid current does not flow. 

16-28. Oscillographic Determination of Tube Characteristics.—1d»e 
ordinary static method of obtaining static triode characitcristricjs (‘.annot 
be satisfactorily a.pplied in certain ranges of current and voltage l)e<*4iUBe 
of excessive plat^ and grid dissipation. The flow of high grid and plate 
currents for a sufficient time to take meter readings may result in tcunpo- 
rary changes in characteristics as the result of change of cathodes teini)cn’a- 
ture or in permanent damage to the tube as the result of gas emission 
from the plate. A method for overcoming this difficiulty l)y the use of 
oscillographic rcicording was devised by Kalin. ^ The oscillograpli used 
by Kalin was electromagnetic and incorporated a rotating drum for 
photogra|)hic recording. The oscillograph element was i)la(HKl in the 
plate circuit, so that the vertical deflection of the light sx)()t was |)ro- 
|)ortional to the i)latc', (mrrent. The grid voltages was inacki to vary 
linearly with time l)y means of a rotary voltage dividen*. Hiru^o the 
recording drum rotated at constant speed, tlie grid voltage^, was pro- 
Iiortional to thc^ liorizontal displacement of the spot on the film. The 
oscillograna conBociuently represented a plot of plate currimt against grid 
voltag<\ liy this method the average plate (lissipjition was k(^i)t suffi¬ 
ciently low HO that th(^ comi-detc family of transku* chanudven^istitw could 
be obtained. Tlie substitution of a liru^ar swx'c^p oHcnlhitor in |)lace 
of the rotating voltage divider improves Kalin/s inctliod, 'Idie Hwcaq:) 
oscillator may be synchronized to tliti drum motor. 

In tlie |:)ositiv('i grid I’cgion the averages jilate and grid (lissipations 
may lie too gre^at, own when the grid voltage is periodicuilly vmriccl as a 
linear fuiieiiion of tim<\ Kozanowski and Mourorntseyff*^ rcHluecHi the 
average diHsi{')ati(>n to a very low value by using for th(^ grid cyxeitation 
a singk^ |)ulse of voltage from the discharge of a large eoinhynstu* tlirough 

^ IvAia'isr, AwiEET, Unw, IFcw/i. Eng. ExpL Sta. BulL 30, (1024); ScniNKmuii, W. A,, 
Prac.IJlE., 16,674 (1928). 

® KozANowf^KT, IT'. N., and MouhomthefivI. Ih,/Vwt. I.U.N, 21, 1082 HOSS). 
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a resistance. Although the instantaneous values of dissipation may be 
very high, the currents flow for such short intervals that the el(H*trocle 
temperatures do not rise so high as to damage the tube. Peak input 
powers of twenty to thirty times the nominal rating can be rcjcorthal l>j 
this method. The grid and plate characteristics are derivcHl from 
oscillograms of grid and plate voltages and current, recorded simul¬ 
taneously by a four-element moving-mirror oscillograph. The circuit 
is shown in Fig. 15-72. All resistances used in this circuit are non- 
inductive. The oscillograph elements must, of courBO, l)e aceuratidy 
calibrated. The condenser is charged from the voltage supply |>r(^j>ara- 
tory to the taking of an oscillogram, and the discharge of the e(>iuh*nsc*r is 
initiated automatically by the closing of the switch in synchroniBnii with 
the opening of the oscillograph shutter. 


Knife Swii-ch 



Pig. 15-72.—Circuit for the determination, of tube oharaeteri»tio» by tmmm of an plootro- 

magnetic oscillograph. 

A cathode-ray oscillograph may also be used in the determination 
of static transfer characteristics, but its use involves difficulties. If 
electrostatic deflection is used, the plate current must be passed through 
a resistance in order to provide deflecting voltage. A resistance that k 
high enough to provide adequate voltage may appreciably alter the 
characteristic. If an amplifier is used in conjunction with a low resist¬ 
ance, the amplifier must have negligible nonlinear, frequency, and phase 
distortion over a wide frequency range in order to ensure distortionless 
amplification. The use of an inverse feedback amplifier is recom¬ 
mended for this purpose. Because of the impedance of the deflecting 
coils, difficulties are also encountered when the plate current is used to 
produce magnetic deflection. 

Chaffee has described a cathode-ray circuit for the deterinination 
of static characteristics in which the grid of the tube under observation 
3 s excited by a voltage pulse produced by the disclmrge of a thyratron. ‘ 

16-29. Dynamic Measurement of Tube Factors.—Bridge circuits 
for the dynamic measurement of tube factors were first described by 

April^l 938 ™’ H ^ P' F. Maykr, Electrmks, 
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J. M. Miller.i Otter circuits have siacc been developed. Before 
proceeding to a discussion of tube-factor bridges it is advisable to men¬ 
tion general limitations of these bridges and precautions that should be 
observed in their use. The equations that must be employed in the 
applications of these bridges are derived by means of equivalent tube 
circuits, which are strictly applicable only at small signal amplitudes. 
The accuracy of the experimentally determined values therefore 
increases as the signal amplitude is reduced. For this reason it is 
advisable to use small voltages in exciting tube-factor bridges and to 
employ an amplifier between the bridge and the telephone receivers if 
necessary. To prevent direct voltage drops that reduce operating 
voltages it is important to provide direct-plate-current paths of low 
resistance by shunting the phones with low-resistance chokes. This is 
particularly necessary in the circuits of Figs. 15-73, 15-74, 15-76, 15-78, 
15-79, and 15-80. Transformers having low primary resistance may, of 
course, be used in place of chokes. In the circuits of Figs. 15-78 to 
15-76, and 15-80, direct plate current also flows through the secorulary 
of the exciting voltage input transformer, which should consequently 
have low d-c resistance. The circuits should be set up so that stray 
capacitances between leads and batteries are as small as possible. For 
the sake of simplicity, the tube is shown as a triode in the following cir¬ 
cuits, multigrid tubes merely requiring the addition of other supply 
voltages. 

15-30. Amplification-factor Bridge. —^Thc basic l)ridge circuit gen¬ 
erally used for the measurement of amplification factor is that of Fig. 
15-73.^ By constructing the equivalent plate circuit and asBuming that 
Vp. « ^in/ri)Vg and that grid current does not flow, the student may 
readily show that the alternating plate current is mvo when 


(15-51) 


Actually the effect of tube capacitances prevents Vp and Vp from being 
<^xactly 180 degrees out of phase at high frequencies, lliey can ba 
made so by ilm use of the balancing condeiiHer C. '''rhe voltag<B F p and 
Fg are opposite in phase when the ratio of the reactances of the con¬ 
densers shunting ri and fa is equal to fi/rs, or 


C -h Gffk ^ 

Gph ^ ** r i 


(15-52) 


The voltages can also he made 180 degrees out of phase by means of a 
small mutual inductance M, as in Fig. 15-74. As meusiirements are 


1 Milmb, J. IJLK, 7,112 (19,10). 
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usually made at 1000 cps or lower, the balancing condenser or iriuliiiil 
inductance is not ordinarily necessary. 

n should preferably be small enough so that the direct voltage^ «lrop 
in ri will not greatly alter the operating grid voltage. For a<*rtirate 
measurements this voltage drop should be taken into account in ailjiisf- 
ing the tube voltages. 



15-31. Plate-resistance Bridges.—The plate reBistance of triocii 3 «i or 
other low-plate-resistance tubes may be readily measured by means of 
the simple four-arm bridge of Fig. 15-75.1 When the bridge is balanced, 


^3 


and 


n 






(TW4) 


OT^Lwer*^^ omitted if measuremciite arc made at 1()0() ep« 

or lower. To avoid excessive direct-voltage drop in r, r, Hlif)idd »,»•/ f 
erably be small (10 or 100 ohms). The vdtage dn.p shou “ 

into account m adjusting the operating plate voltage. 

K ^^0 measurement of plate resistance i.s formed 

ofKff Is « of resistances rs and r4 to the amplification-factcm hridgi 
01 jjig. 15-74, as shown in Fie* 2 ,. . , . » , , ! 

means of e. and M. with 5. oLd & “on ."'h™ 


— 100^4 


(15-55) 
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It is difficult to measure the high plate resistance of tetrodes and 
pentodes accurately with the circuits of Figs. 15-75 aad 15-76. High 
rakes of plate resistance can be conveniently measured with the circuit 
of Fig. 16-77.’- If ri is a calibrated resistance, is found by adjusting 
ri so that the voltage across is the same for the two positions of the 



J IQ. Hridgo for the iiietisureiidoiifc of Piq, 15-76.—[Bridge for tho inoiisuroniont of 

plate resistance. plate resistance. 

switch S. If the applied voltage V is kept constant, the vacnnm-tube 
voltmeter may be calibrated to read resistance directly, ri being used for 
calibration. A thiixi method of measurement is to observe tho voltage V 
necessary to give a definite deflection, of the vacuum-tube voltmeter. 
For high accuracy should be small in comparison with Tp, This 
requirement necessitates the use of a vacuum-tube voltmeter of high 


S 



Fig. 15-77.-—Bridgo for tho moasuremont of Fig . 1 5-78.—Bridge for the ineaHUreixient 

high plato rosistancoa. of transconduetanoe of tubow mth low plate 

resiatanco. 

sensitivity. The direct voltage drop in ra must be taken into consider¬ 
ation in adjusting the plate voltage. 

16-32. Transconductance Bridges.—The transconductance of tubes 
with low plate resistance can be readily measured by the simple circuit 
of Fig. 15-78, which is a modified form of a circuit first suggested by 

’Standards on Electronics, p. 27, Institute of Radio Idiig., New York, 1938. 
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Appleton.^ Examiaation of this bridge shows that tlie liltoriuiting cnir« 
rent through the phones is made up of two com])()ii(mts, oiu* of wliieh 
flows through ri and the source e, and the other tiirough t h(* <if t he 
tube, and that these two currents are opposite in pliasc^ if t iu' tdecirode 
capacitances are small. When the circuit is balanced, th(\s(‘ t.wo cnirreiits 
are equal and, furthermore, there is no voltage droi> through the iihoiies. 
Therefore, 


or 


e ^ fxe 


(ir>m) 



(15-57) 


For greater accuracy the unbalancing caused l>y tho interi»li‘(dr<H!r* 




luo. 15-80,—Britigil ftir thi» 
mout of UmmaoiulmHimm of wnh 

liigli plafco roHisttinrt*. Kitlwr C* i^r .11 b 
used for roacti vti 


ZSThL? caa be corrected by tlio ad<iit,in„ of 

mutual inductance, as in Fig. 15-79. 

satiSctOTY ' «»"•<” 

• , Circuit the alternating voltage across is 

grid current doe* “ '’''“‘“'‘"y “I"”! tx 'f 
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or 


eT2 _ fxegTz 
Ti + r2 rj, + Tz 

+ Tz Ti + rs 


(15-58) 


Qm 


II. 

Tin 


Tp + rt 
Tp 


(15-59) 


The plate resistance of tetrodes and pentodes is so high that the ratio of 
Tp to Tz may be made large enough so that Eq. (15-59) reduces to 


(IMO) 

Equations (15-59) and (15-60) may also be show'u to hold when M is 
used in place of C. 

16-33. Bridge for the Measurement of y, and —Inspection of 
Figs. 15-74, 15-76, and 15-80 shows that these three bridges msij be very 
readily combined into a single instrument for the measurement of ii, rp, 
and 



Fio. 15-31.—Bridge for the measujomeiit of detection plate resistance. 


Detection-plate-resistance Bridge.—Figure 15-81 shows a bridge 
for the measurement of detection plate resistance The action of 
this bridge is similar to that of the plate-resistance bridge of Fig, 15-75. 
When balance is obtained, 


TJTz 

ri 


(16-61) 


In the measurement of detection plate resistance of diodes, the radio- 
frequency excitation is applied in series with the plate. 

Measurement of Other Tube Factors.—The bridges discusKsed 
above may be adapted to the measurement of other tube factors of 
multigrid tubes. ^ Bridges have also boon designed for the measurement 
of negative tube factors,^ Circuits for the determination of inter- 

1 Ballanvinbi, B . jProc . LR.E.y 17, 1164 (1929). 

^Standards on Electronics, Institute of Ilatlio Engineering, Now York, 1938. 

® Ohaffeb, B, LBon, ^‘Theory of Thermionic Vacuum Tubes,Chap. IX, 
McGraw'-Hill Book Company, Inc., KTew York, 1933; Hiokmcan, R. W., and Hwr, 
F, V, Jl&). Set, Jmtrumenis, 6,268 (1936). 
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electrode capacitances, leakage conductances, tube characteristics, and 
other quantities are discussed in the 1938 report on electronics of the 
Standards Committee of the Institute of Radio Engineers. 

15-34. Negative-resistance Bridges.—A bridge for the measurement 
of negative resistance is shown in Fig. 15-82.^ 
The condition for balance i.3 



t(^‘) 


ri + n 


(15-62) 


Fig. 15-32. —Bridge for 
the measurement of negative 
resistance. 

criterion for balance, 
reduces to 


The resistances of Fig. 15-82 must be taken 
into account in determining the operating 
voltages of the negative-resistance element. 
Proper choice of resistances simplifies the 
If r 2 = 99 ohms and rs == 1 ohm, Eq. (15-62) 


p=:100ri + 99 (15-63) 

If the negative-resistance element has appreciable capacitance, the 
balancing condenser C should be added. 

Three modifications of Dingley^s bridge that are capable of measur¬ 
ing a greater range of negative resistance were developed by Terman.^ 
These circuits and the criteria for balance are shown in Fig. 15-83. r 



Fig. 15-83.—Three modifications of the negative-resistance bridge of Fig. 15-82. 


should not exceed several hundred ohms, and should be much larger 
than Ti. Ten thousand ohms is suggested for r* in circuits b and c. 
The capacitance balance can be constructed from a two-gang variable 
condenser. 

15-35. Tuttle Tube-factor Bridge.—The circuits that have been 
discussed employ a single source of excitation voltage, A different 
type of tube-factor bridge, in which currents caused by three separate 

^ Dinglby, E. N., Jk., Proc. LR.E., 19, 1948 (1931). 

2 Turman, F. E., Electronics, December, 1933, p. 340. 
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voltages are balanced, has been developed by W. N. Tuttle.^ The three 
forms of Tuttle’s circuit used for the measurement of amplification 
factor, electrode resistance, and transconductance are shown in Figs. 
15-84, 15-85, and 15-87. The transformers and attenuators in these 



Fig. 15-84.—Bridge for tlxo moasuroiriont of inu-factor. 

circuits have been designed so that the three voltages ci, Cg, and ez are 
exactly in phase (or 180 degrees out of phase). The function of eg is to 
furnish a reactive component of current to balance the reactive current 
caused by electrode and circuit capacitances. 



Fid. 15-85.—Bridge for the moasuroioont of oloctrodo reeiBtance. 

The principle of the circuit of Fig. 15-84, which measures amplification 
factor, is the same as that of the more common amplification-factor bridge 
of Fig. 15-73. The plate current resulting from ^2 in the plate circuit is 
balanced against the current resulting from ci in the grid circuit. The net 
1 Tuttle, F. N., Ptoc, UIB., 21, 844 (1933). 
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current is zero when <32 = The voltage ratio is read directly on the 
attenuators. 

The circuit of Fig. 15-85 measures plate resistance. An exact 
analysis of the operation of the circuit can be made by constructing 
the complete equivalent circuit and determining the conditions necessary 

to reduce the current in the output branch 
to zero. For the purpose of explaining 
the basic principle of operation, it is 
instructive to neglect the tube (capaci¬ 
tances and to consider only the nonreac¬ 
tive components of current. Under the 
assumption that the capacitances are zero, 
ez is also zero, and the ecpiivalent circuit 
is of the form shown in Fig. 15-8(), in which Zo is the im})edanec of the 
output transformer and condenser, ''rhc network ecpiations are 

Cl == ii(n + - i2Zo (16-64) 

('2 Hh ^ 0 ) (15-65) 



Fia. 15-86.—Equivalent circuit for 
the bridge of I^ig. 15-85. 


Balance is obtained when ii = 4, so that the current in the output branch 
is zero. Setting the currents equal and dividing Kq. (15-65) by Ecj. 



Fiu. 15-87,—Bridge for Uie lucaHuremeut of trauHetHuIueUuHH*. 


(15-64) gives the condition for balance. 




nc2 

Cl 


(15-6(}) 


The attenuators may be calibrated to read directly. 

The circuit of Fig. 15-87 Is used to measure tranBconductance. The 
equivalent circuit, negU^cting tube capacitances and grid current, is 
similar to that of Fig. 15-86; but since ei is applied in the grid circuit, 
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ei must be replaced by and 62 by ei, in the equivalent circuit. The 
condition for balance is 


rp Ts 


or 


Qm — 


62 

Bin 


(15-67) 


To measure negative factors, the phase of ei is reversed by means of 
the double-throw switch. 

By using Tuttle’s circuits, all tube factors may be read with ease 
with a single bridge. Another advantage results from the fact that all 
batteries may be kept at ground potential. The construction of a 
reliable portable instrument of this type necessitates great care in trans¬ 
former design and in the location of component parts. 

16-36. Harmonic Analyzers. —Harmonic analyzers for the direct 
measurement of harmonic amplitudes by electrical means are of four 
types: tuned circuit, heterodyne, dynamometer, and fundamental- 
suppression. Indirect measurements may also be made by taking oscillo¬ 
grams of the current or voltage and analyzing the oscillograms by mechan¬ 
ical or electrical analyzers or by graphical or selected-ordinate methods. 
The oscillographic method requires more time and is not so accurate as 
some of the direct methods. 

16-37. Analyzers Using Tuned Circuits. —The use of tuned circuits 
for harmonic analysis was first suggested by Pupin in 1893 and was 



L, - 0,075mh r, “ OAH L- 

0^^ ISfcf ^ ^{Q,4Sl of-^c 

{/oa C(75,000^ 

Fui. 15-88.—Tuiied-filtor tyi)C of luirruonic analyzer. 


Hul)sc(iiiently used by liirn in the study of eh^ctrical apparatus.^ In 
1912, R. Beattie made an analysis to determine the best form of circuit 
for the tuned-circuit type of analyzer.^ A portable analyzer based upon 
the tuned-filter principle was designed by Wegel and Moore in 1924,^ 
The general featur(\s of their circuit are shown by Fig. 15-88. The 
voltage to be analyzed is applied across the series resonant circuit LCrT, 
and the voltage induced across the secondary of the transformer T is 
applied to the amplifier. The rectified output of the amplifier is read by 

^ PijpiN', M., Am, J, Science^ 45, 429 (1893); Trans. Am. Inst. Elec. Eng.^ 11, 523 
(1894). 

^Beattie, R., Electrician, 69, 63 (1912), 

^ Wegel, E. and Mooek, 0. It., Bell System Tech. J., 3, 299 (1924); Trans. 
Am. Inst. Elec. Eng., 43, 457 (1924). 
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means of a d-c meter. The harmonic content of the applied voltage is 
determined by tuning the filter successively to the variouH harmoiuc 
frequencies and reading the output meter. The purpose of tlie parallel 
resonant circuit made up of L, r, and Ci is to correct for the variat ion, 
with frequency, of a-c resistance of the series circuit and of the amplifier 
gain, so that the sensitivity remains essentially constant over tho fre¬ 
quency range for which the instrument is designed. 

Instead of taking the output of the filter from the transformer, jw in 
Fig. 15-88, it is possible to use the voltage developed across L, €, or r. 
Beattie^ and Morgan^ have shown that it is usually tot to take thti 
voltage from the inductance. Since inductive reactance is dirt^etlv 
proportional to frequency, the voltage across the inductance at a given 
current increases with frequency. This discrimination against the lower 
components of the input wave is desirable if the amplitudes of the lower 
frequency components of the input are greater than the higher frequemjy 


Equalizer 0.000Uai u-f 



Pig. 


50 - 540 ^ 
540-1500 
/500-3000 ^ 


L,-<5.5/7 rr^son 
Lz^/.lh BO h 
Li^OJBh rs- 10a 


rQ*apprm.rp 
of amp/, Mk 


15-89.—Amplifier-coupling filter for tunod-filtar Imnncmici 


components, which is usually true. It helps to make possible the 
measurement of a small second harmonic in the presence of a largo 
fundamental. 

A singly tuned filter does not tune sharply enough to make possiblo 
measurement of the amplitude of a small-amplitude component whiwo 
frequency does not differ greatly from that of a large-amplitude coin|H>- 
nent. To overcome this difficulty McCurdy and Blye* dmignwl an 
analyzer which uses two tuned filters as coupling elements Ijetween 
amplifier tubes. The circuit of one filter stage is shown in Fig. 16-81), 
The first amplifier is preceded by a filter for suppressing the funda¬ 
mental frequency. The output is read by means of a therinoeonph' 
meter. 

16-38. Heterodyne Harmonic Analyzers.—In addition to the problem 
ot obtaining sufficiently sharp tuning, the design of the tuned-filter tyiM* 

^ Beattie, loc. cit ^ * 

bihlbgmphy of 40 

3 McCtodt, R. G., and Blyb, P. W., Tram. Am. Iml, Eke. Eng., 48, H67 
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of analyzer is complicated by the variation of filter resistance with 
frequency. The audible frequency band cannot be readily covered with 
a single filter inductance. It is necessary to use a number of inductances 
and associated equalizers, each of which covers a portion of the band. 
These problems can be readily solved by using a fixed-frequency filter 
and heterodyning the output of a variable-frequency oscillator with the 
input voltage so as to produce a sum or difference frequency equal to the 
filter frequency. The fixed filter frequency makes it possible to use a 
highly selective filter. 

A block diagram of a typical heterodyne harmonic analyzer is shown 
in Fig. 15-90. The frequency of the filter is higher than that of the 
highest input signal to be measured. The use of a balanced modulator 
to convert the impressed frequency to the frequency of the filter affords 



Fio. 15-90,-—Bloc?k diagram of a liotorodyne harmonic analyzer. 


a simple means of eliminating the impressed frequency and at the same 
time ensures lower nonlinear distortion tlian could be obtained with a 
single-tube frequency converter. Some heterodyne analyzers may be 
calibrated to read directly; in others the voltage of the impressed signal 
is determined by measuring the voltage of a reference signal, the ampli¬ 
tude of which is made equal to that of the impressed signal. The various 
heterodyne analyzers that have been developed differ mainly as to the 
type of filter used. Early circuits made use of mechanical filters^ and 
of filters tuned to a frequency lower than that of the input voltage.In 
more recent analyzers, however, the filter consists of quartz crystals® 
or of two or more stages of inverse-feedback filters such as those of Fig. 
6-45.^ An important advantage of inverse-feedback filters is that they 
make possible the variation of selectivity at constant amplification by 
adjustment of feedback. 

A heterodyne analyzer incorporating a two-section 50-kc quartz- 
crystal filter is shown in Fig. 15-91. The oscillator is tuned so that the 

1 Moobe, C. R., and Curws, A. S., Bell System Tech. J., 6, 217 (1927). 

^Landeen, a,. O,, Bell System Tech. J., 6, 230 (1927). 

3 (]!astner, T. G., Bell Laboratorics Record^ 13, 258 (1935). 

^ Terman, F. E., Buss, 11. E., Hewlett, W. E., and Cahill, F. C,, Ftoc. LR.B.^ 
27, 649 (1939). 
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sum of the input frequency and the oscillator frequency is equal to 50 kc. 
The resistance B and the capacitance C correct for any slight unbalance 
of the balanced modulator. They are adjusted so as to eliminate the 
oscillator fundamental frequency from the output of the modulator. 
The output stage is a vacuum-tube voltmeter with a balancing circuit 
for eliminating the zero-signal current from the meter. O’he tuned-plate 
oscillator is designed to give constant amplitude throughout its range 
or 35 to 50 kc. & ' 

The instrument is calibrated by adjusting the amplifier gain to give 
a 2-volt reading of the output meter when 1 volt of direct voltage' 
obtained from the filament battery, is applied between the grids of the 



Pio. 15-91. Heterodyne we a quurte-oryetal filter. (.Courte^u of a,mral 


balanced modulator and the oscillator is tuned to the fdter frequency 
The justification for this method of calibration follows from the analysis 
of the ba anced modulator. Equation (9-13) demonstrate.s that two 
components 0 the output voltage of a balanced modulator are 2Aa^E,E, 
med ^ "f ^ ‘^Aa-iEiEi cos 27r(/i - when the input voltage is 
rero Z t ®7«ts E^ sin cod and E, sin cod. As approaches 
ominl frequencies become more and more nearly 

equal and, in the hmit, when is zero, are both equal to /i. When one 

whilh Vns is AAa,EtE, cos 2z-/d, 

comnonents ^^P^itude of the sum- and difference-freciueticv 

components obtained when both input voltages are alternating. The fre- 

quency range of the General Radio wave analyzer is 20 to 15,000 cps 

and the voltage range 200 gv to 200 volts. ^ ' 

In another type of heterodyne analyzer, devised by C. G Suits the 
unk„„™ voltage aad the voltage tto„ the’»eillat„, [re applW lul- 
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taneously to the grid circuit of a square-law detector.^ The plate current 
contains the impressed frequencies and their harmonics, steady com¬ 
ponents, and intennodulation components. A d-c milliainmeter in the 
plate circuit responds to the steady components and to any intermodula¬ 
tion frequencies that do not greatly exceed the resonance frequency otthe 
meter movement. By adjusting the oscillator frequency to differ only 
slightly from the frequency of a component of the unknown voltage, the 
needle can be caused to oscillate at the resulting difference frequency. 
Ordinarily only one difference frequency at a time will be low enough to 
affect the meter. According to principles set forth in Chaps. 3 and 9, 
the change in reading of the meter with application of the signal voltage 
will then be 

Al = “h EoEa: cos 27r(fs — fo)t] (15-68) 

where/<, and Eo are the frequency and amplitude of the oscillator voltage, 
fn and En are the frequency and amplitude of any component of the input 
voltage, and/a; and Ex are the frequency and amplitude of the particular 
component of the input voltage that is being measured. The milliam- 
meter needle will oscillate through a current range that is twice the 
amplitude of the difference-frequency component of the plate current. 
This fact may*^ be expressed by the equation 

Alx = 2a2EoEx (15-69) 

If the oscillator voltage does not vary with frequency, the amplitude 
of oscillation of the meter is proportional only to the amplitude of the 
unknown voltage, and the instrinnent may be calibrated by means of a 
single input voltage of known amplitude. In the determination of per 
cent harmonic relative to the fundamental, only relative values are 
required, and the instrument need not be calibrated if the oscillator 
voltage does not vary with frequency. If the oscillator is not designed 
to give constant output at all frequencies, the analy^ser may be calibrated 
by applying inputs having known voltage and frequency. 

I^rrors in reading result from two sources: oscillator harmonics and 
departure of the detector characteristic from a true square law. The 
first type of error is small if the harmonic content of the oscillator is below 
1 or 2 per cent. The second results mainly from the presence of the 
tturd-order term in the series expansion for the detector plate current 
and may be minirnizsed by keeping the oscillator and input voltages small. 
It may be practically eliminated by the use of a balance detector, similar 
to that of Fig. 15-2.*^ 

1 Suits, 0. G., Proc. LRJL, 18 , 178 (1930). See also R, R. Chilton, A Practical 
Wave Analyiaer for Distortion Measurements, Technical Bull, Inst Rad. Eng. (Aus- 
lmlia)j 1941, 

® (tinsBiNWOOD, W., Bng.f 9, 310 (1932). 
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16-39. Dynamometer-type Harmonic Analyzers.—Tn the dyiui- 
mometer type of analyzer the unknown voltage is applied, through au 
amplifier, to one coil of the dynamometer and the output of an oscillator 
to the otherd If the oscillator frequency is adjusted so that it dillVrs 
only slightly from the frequency of the component of the unknown voltage 
to be measured, the meter needle will oscillate at the dilfercnee frecnaaic.v. 
The am plitude of oscillation is proportional to the product of tlu' nniiili- 
tudes of the currents in the two coils. If the current from the oscilliit<*r 
is kept constant with the help of an additional meter, the amplit ude of 
oscillation of the dynamometer needle is proportional only to tin* ampli¬ 
tude of the component of the unknown voltage. The instrument may, 
therefore, be calibrated to read the input amplitude directly. 

It is also possible to construct dynamometer-type analyzes that 
give steady deflection.^ The difficulty of obtaining an oscillator current 
of good wave form which remains exactly in phase with tl»» vurltagt* that 
is being measured makes it impractical to use this type of analyzer ov(‘r 
the frequency range required for the testing of audio-frcciucncy ampIifierM. 

16-40. Ftmdamental-suppression Harmonic Analyzers.—- In tl>e fun¬ 
damental-suppression type of analyzer the fundamental component of tin- 



Fio. 15-92.— Practical form of fundamontal-mippromioH typo of Imrmoiiin iinjityaor. 

unknown voltage is removed by some form of bridge. 'I'Ik' remaining 
r-m-s output from the bridge is proportional to the Htpiare root vf fhe 
sum of the squares of all the harmonics. From the values of the total 
harinomc content and of the complete input, th<> furuiainentnl component 
can be deterrnined. The resonance bridge of Fig. 15-4Ia rnav he used for 
this purpose.* Figure 15-92 shows this bridge in convenient form for 

1 Nicholson, IklG., and Pkekins, W. M., Prott. PILE., 20, 734 

W I' ... M «... 
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harmonic measurement. ^ When the switch is in position a, the output 
is approximately 

(total input) X X —^ 7 — 

^ /c + 1 r5 + ro 

When the switch is in position 5, the bridge output is equal to 

k 

(vector sum of the harmonics) X 

The bridge output is measured by means of a vacuum-tube voltmeter. 
The input voltage to the bridge may change with adjustment of the bridge 
and should be kept constant. Then if the voltmeter reads the same 
for the two switch positions, small distortion factors are equal to R^^/Rq. 
The parallel resonance bridge of Fig. 15-416 may be used in place of the 
series resonance bridge.High- and low-pass filters may also be used 
for fundamental suppression.^ 

The fundamental-suppression type of bridge is particularly useful in 
determining the distortion factor 8 (see Sec. 4-18). The fundamental- 
suppression bridge may often be used advantageously in combination 
with other methods of analysis. If the fundamental is removed by 
means of a bridge, for instance, the harmonic content may be analyzed 
with considerable accuracy by oscillographic and graphical methods.*^ 
Fundamental suppression is often advisable in connection with tuned- 
circuit and heterodyne analyzers because it greatly reduces the pro¬ 
duction of harmonics in the analyzer; it also reduces the selectivity 
requirements of the analyzer. Reduced selectivity is essential when the 
frequency of the unknown voltage drifts appreciably during the time 
required to make a measurement. 

16-41. Measurement of Voltage Amplification.—Ifigure 15-93 shows 
the circuit that is commonly used for the measurement of voltage ampli¬ 
fication of an amplifier. When the attenuation of the attenuator is 
equal to the gain of the amplifier, tlie deflection of the vacuum-tube 
voltmeter will not change when the position of the switch is changed. 
If the attenuator is calibrated in decibels, it gives a direct reading of the 
amplifier gain in decibels. The purpose of the resistor R is to provide 
the proper terminating impedance for the attenuator. If a calibrated 
attenuator is not availat)le, it may be replaced by a voltage divider, as in 
Fig. 15-94, The voltage amplification A. is equal to the ratio r 2 Ai 

1 WohfF, IiwiNd, J, Opt Soc, A7n. and Rav, Set, histrument^, 16, 163 (1927). 

» Waonke, E. M., Froc. IJUL, 23, 85 (1935); sec also H. H. S(X)tt, Froc. LRJl, 
26, 226 (1938). 

» McC'xjedy and Blyk, loc , cit 

^Beown, 8, L., Phys. Jiev.j 31, 302 (1928); PiDDiwraroN, J. H., Proc. LE.E.j 24, 
691 (1936), 
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when the same voltmeter reading is obtained with the switch in the two 
positions. Although affording a less accurate means of comparing the 
input and output voltages, a cathode-ray oscilloscope or an electron-ray 
tube may be used in place of the vacuum-tube voltmeter in the circuits 
of Figs. 15-93 and 15-94. 

The response curve of an amplifier or other network may be observed 
directly by means of a cathode-ray oscilloscope.^ This is accomplished 
by modulating the frequency of the amplifier excitation voltage in 
accordance with the sweep voltage and applying the amplifier output 
voltage to the vertical deflection plates of the oscilloscope. If the ex¬ 
citation amplitude is independent of frequency, the envelope of the pattern 



Fia. 15-93.—Circuit for the ineaBiire- 
ment of voltage amplification. 


Fiq. 15-94.—Circuit for the ineaMun^- 
meixt of voltage amplification. 


obtained on the screen is the response curve, plotted on a uniform fnv 
quency scale. 

16-42. The Use of Triangular and Rectangular Waves in Amplifier 
Analysis. —In order to amplify a triangular or rectangular wave of 
voltage without observable distortion, an amplifier must have^ negligible 
frequency and phase distortion over a frec|uency range covering the funda¬ 
mental frequency and approximately the first ten harmoni(‘.s. This 
fact may be used to advantage in checking amplifiers oseillographically 
for frequency distortion. The distortion resulting from insufficient 
amplification of the lower-freciuency components, and of the higher- 
frequency components, is shown by waves a and 6, resiiectively, of 
Fig. 15-95. Transient oscillations resulting from resonance of trans¬ 
former inductance and distributed capacitance result in an output wave 
of the form of wave c. The ratio of the rc^sonance frecpiency to tlu^ 
frequency of the rectangular wave may be readily determined from such a 
wave. Rectangular waves may be used in tlie determination of amplifier 
response by applying the output of a varial)le-frequency rectangular-wave 
generator to the input of the amplifier and observing the output of the 

1 Diamonb, H., and Webb, J. B., Pror.. T.U.Ily 16, 767 (1927). 
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amplifier by means of an oscilloscope.^ Negligible departure of the out¬ 
put wave from rectangular form over any range of frequency is an 
indication that the amplifier will give essentially undistorted amplifica¬ 
tion of complicated waves throughout this 
frequency range. 

16-43. Measurement of Power Output. 

The power output of an amplifier with known 
load resistance may be determined by meas- [ 
uring the r-m-s voltage across the load or the f 
r-m-s current through the load. A thermal 
meter or a copper oxide rectifier meter is 
usually used for the purpose. Figure 15-96 
shows the circuit diagram of the General 
Radio output meter, by means of which 
power may be quickly measured at various 
values of effective load resistance. The 
meter consists of a variable-ratio transformer 



(0 

Fig. 15-95.—Distortion of 
rectangular wave caused by: (a) 
poor low-frequonoy response; 
Q)) poor high-frequency re¬ 
sponse; (c) transient oscillations 
ill couidiiig transformers. 


compensated by means of resistances so that a constant percentage of the 
power is expended in the secondary load. The load is a constant-resist¬ 
ance network which also serves the function of a four-range multiplier 
for the voltmeter. The indicating instrument is a copper oxide rectifier 



15-06.—-Circ.uit diagram of Gonoral Uadio i><)wor-output motor. 


voltmeter. The effective load may be varied in 40 steps from 2.5 to 
2(),()()() ohms. Tlie multiplier provides 5-, 50-, 500-, and SOOO-mw 
ranges of power. The scale is also calibrated to read decibel power level 
relative to 1 mw zero level. 

I Rkich, H. J., Proe. TJIE„ 19, 401 (1931); Stocker, A. C., Proc, LR,E., 26,1012 
(1937); Swift, (I, Comrri / unications , February, 1939, p. 22; Bkdfobd, A. V., and 
Frkdkndaule, G. L., Ftoc. LR.E,, 27,277 (1939); ABCHiiMBAtT, L. B.,(7en. Mad, ExpLj 
14, December, 1939, p. 1; Waimlich, D. L., Proe. I.E.E.^ 32, 339 (1944). 
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16-44* Determination of Optimum Power Output and Optimum 
Load.^—The determination of optimum power output and optimum load 



Fig. 15-97.—Circuit for the determination, of optimum power outi)ut and optiminn load 

resistance. 



harmonic. 


requires a series of measurements. A suital)le circuit is shown in Pig. 
15-97. For each load impedance there is a limiting value of bias and 
1 Kelloog, E. W., J. Am. Inst. Elec. Eng., 40, 490 (192.'i): Warnek, J. C., and 
Lotjghrbn, a. V., Proc. I.R.E., 14, 735 (1928); Hanna, C. R., Sutukrun, L., and 
Upp, C. B., Proc. I.R.E., 16, 462 (1928). 
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signal amplitude beyond which the harmonic content exceeds the allow¬ 
able values. Curves of power output and harmonic content as a function 
of load impedance must be constructed for various values of bian. The 
simplest laboratory procedure is to set the bias at fixed values and to 
take readings of power output and harmonic content at five or six values 
of load impedance. If operation is to be restricted to the region in 
which no grid current flows, the signal must be adjusted for each value of 
bias and load so that grid current does not quite flow. The signal ampli¬ 
tude at which grid current commences can be determined l>y a galvanom¬ 
eter or headphones in. series with the grid. 

Figure 15-98 shows curves of power and harmonic content for a typo 
45 tube. The load impedance at which the harmonic content is just 
equal to the maximum allowable value at each value of I)ias may bo 
determined from the curves of harmonic content. These values of 
impedance and bias then determine points on the power curves corre¬ 
sponding to the given harmonic content. The dashed curves of Fig. 15-98 
show the power output at 4, 5, and 0 per cent second liarinoiiic as a 
function of load resistance. From these the optimum load and ])<)wer 
output at the given value of distortion may be read. Headings of third 
harmonic taken simultaneously with second harmonic showed tlic former 
to be negligible in comparison with the latter. 

Problem 

16-1. Carefully study tlie circuit of Pig. 15-69 and explain tho fumitions of all 
tubes and circuit elements. 



APPENDIX 


A“l. Parallel Equivalent Circuits.—Figure A-2 shows the series equivalent plate 
circuit for the general form of triodc circuit of Fig. A-1, in which the load Zb may 
include one or more impressed voltages. ''Fhe voltage between A and B is ixE„ — IpVp, 
which may be written in the form rpigmEy — Ip). It is evident, therefore, that the 




voltage between A and B and, hence, all voltages and currents in the load, are unal¬ 
tered if the equivalent voltage ixEg is removed and an additional current gmEg is 
sent through fp in the direction opposite to that in which ixEg tends to send current. 
’'Fhe series equivalent circuit of Fig. A-2 may therefore be replaced by the parallel 
equivalent circuit of Fig. A-3. The current g^Eg may be assumed to be caused to 
flow by a constant-current generator, as shown in Fig. A-4. 



In the series equivalent circuit, in which the equivalent generator is assumed to 
supply a constant voltage ixEg, the current must vary with load and plate impedance. 
In the parallel equivalent circui t, on the other hand, in whi(‘h the generator is assumed 
to supply a constant current gmEg^ the voltage across the load and generator must 
vary with load and plate impedance. It should be noted that the polarity of the 
voltage across the constant-cnirrent generator is determined solely by the voltage 
across the load. If the load contains an alternating e.mi., the upper terminal may 
conceivably be positive, Ac., the voltage across the generator may oppose the current 
through the generator. For this reason the polarity of the constant-current gen¬ 
erator is not indicated. 

Although the positive directions of most of the circuit currents and voltages may 
be chosen at random, the direction of the equivalent current must be properly chosen 
relative to the alten\ating grid voltage. If the instantaneous grid voltage is assumed 
to 1)6 positive when it makes the grid positive relative to the cathode, the equivalent 
current gm sho\ild be indicated as flowing through the constant-current generator 
from the plate terminal to the cathode terminal as shown in Fig. A-4. 
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The procedure to be followed in the formation of the parallel equivalent circuit 
differs from that given in Sec. 4-2 for the series equivalent circuit only in the first 
step, which is as follows: 

1. Connect the plate resistance and an equivalent constant-current generator in 
parallel between the plate and the cathode of the tube. The current supplied by the 
generator is g,nEo and should be indicated as flowing through the generator from tlie 
plate terminal to the cathode terminal. If alternating voltage is impressed upon 
more than one grid, there is a similar component of current for each additional grid 
that is excited. 



The parallel equivalent circuit is particularly useful when the load consists of a 
number of parallel branches which do not contain an e.m.f., as, for example, in the 
resistance-capacitance-coupled amplifier at high frequencies, the parallel equivalent 
circuit of which is shown in Fig. A-5. It can be seen that the output voltage 
is minus the product of the current gmEgi by the resultant impedaiuio of the four 
parallel branches. Dividing this product by Egi at once gives the voltage amplifica¬ 
tion, Eq. (6-15). In this example the parallel equivalent circuit clearly affords a more 
direct method of determining the voltage amplification than does the series equivalent 
circuit, used in Sec. 6-5. The parallel equivalent circuit does not, however, 
ordinarily simplify the analysis when voltages are impressed in both the grid and 
the plate circuits and simultaneous network equations must be solved, 

A-2. Power Relations in Vacuum-tube Plate Circuits.—The power supplied to 
the plate circuit is 

Bi ^ Jq ibdt » EhiJha (A-1) 

where T is the period of the fundamental component of plate current. But 

lb “ /fett “h (A-2) 


where ipa is the instantaneous alternating plate current, measured relative to the 
average value Iha> Furthermore, 


Ebb Eba + haRb + €pa + (A-3) 

where epa is the instantaneous alternating plate voltage, measured relative to the 
average value Eba, and eg}, is the instantaneous alternatirig voltage across tb© load, 
measured relative to the average value Jfro/4. 

Equation (A-1) may, therefore, be written in the form 


1 f T 

^ T jo + IbaRb + epa + e»&) dt (A-4) 

1 1 fir 

~ IbaEha "h Iba^Rh "f* Iha epa dt Hf" Iba dt Hh 

1 1 r 2^ 1 fT 1 fT 

f Jo T jo ^ T jo T Iq 
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Since ipa, epa, and Szb are measured with respect to average values, they do not contain 
steady components. Therefore, all but the last two integrals of Eq. (A-5) are zero. 
Th^ power input is 


Pi = haEl,a 


(A-6) 


The first term of Eq. (A-6) represents the d-c power expended in the tube, or d-c 
plate dissipation. The second term represents the d-c power developed in the load. 
The third term represents the a-c power expended in the tube, or a-c plate dissipation. 
The last term represents the a-c power developed in the load. 

The total plate dissipation is 


Idle a-c power output is 


Pp 


— IhaBha + 


1 

T 



Po 


T 



dt 


(A.-7) 

(A-8) 


Since the plate supply voltage is constant, rise in voltage across the load is accom¬ 
panied by an equal reduction in plate voltage, and so the alternating plate and load 
voltages are equal in magnitude, but opposite in phase. 


Therefore 


and 


('pn — €zh 

(A-9) 

7p tpafipa dt “ -f *0 

(A-10) 


(A-11) 


Since the resistive component of load impedance causes the instantaneous plate 
voltage to fall with increase of plate current, e^a has a component that is in phase 
opposition to tpa and tln^ second term of Eq. (A~7) is negative. Plxcitation tht^refore 
caxises the plate dissipation to decrease. Equation (A-11) shows that the reduction 
of plate dissipation is equal to the power output. This fact and the negative value of 
the second term of hlq. (A-7) can bo interpreted as indicating that the tube acits as a 
souree of power delivered to the load or, more correcdly, that the tube e,oiiverts d-e 
power furnished liy the plate supply into a-c power in the load. 

A-3. Linear Modulation.—Application of a sinusoidal earrier excitation voltage to 
a circuit containing an elemejit that condmjts in only one direction results in the 
production of pulses of current. By Fourier analysis the curremt may l)ft analyzed 
into a steady eomponent and components having frequencies (upial to the applied 
fr(u|uen(^y amd its harmonics. The addition of a steady biasing voltage in series with 
th(^ carrier ex(utati()n voltage changes the portion of the cy(d(i <hiring whi(vh (uirrerit 
flows. It thereby changes the amplitude of the current pulscB and, therefore, of the 
fundamental component of current. Expressions for the fundamental component of 
current h and for the fundamental component of output voltage /4 across a resistance 
load may be derived as follows. Let the carrier excitation voltage l)o JI 2 cos mt, and 
let the biasing voltage be Ei,. Current flows only when the total instantaneous 
applied voltage cos mt -f Etj exceeds zero. If 0q is the value of wkt at which the 
current is cut off, then 74 cos do d- Eh 0, or cos do =» If the circuit 

contains only resistance and the characteristic curve of the rectifier is linear, the 
instantaneous current is proportional to the instantaneous applied voltage when this 
voltage is positive, and is zero during the remainder of the cycle. Tims the current is 
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i s= KE 2 (^COS 0>kt + ^ j - /max(C0S COfti - COS Bq), “ 00 < Wjfc^ < + (A-12) 

in which K is a constant of proportionality^, and /^ax == KE^ = the crest in8tantane«)iis 
current when Eb — 0. Expressed as a Fourier series the current is 


^ — Ao + sin 03kt + Bi cos -f- • • • 

= i r i sin mt d{mt) = f (cos mt ~ cos Bo) sin mt d(cckt) = 0 

vT y TT *Jl J ^ Qq 

f (cos (>3kt — cos do) cos (akt d{mt) ~ (6q — sin do cos 0o) 

Therefore, the amplitude of the fundamental component of current is 

h — (00 — sin 00 cos 0o) 

TT 


(A-13) 

(A-14) 

(A-15) 

(A-16) 


The amplitude of the fundamental component of output voltage across a resistance 
load is 


E, = 


■fmaxffd /« * n /I \ 

-(ffo — Sin 9o cos 6a) 


{A-17) 


in which Re is the effective resistance of the load at carrier frequency. The solid 
curve of Fig. 9-10 was plotted by means of Eq. (A-17). 




676 


APPLICATIONS OP ELECTRON TUBES 


4usjjnQ JO s6io4]Oy\_uiio9 sisqiosQ 
o o 

OJ o o o o o 

—. —^ 00 vO <N 



500 1000 2000 5000 10,000 20,000 SQOOO lOC^OOOTOQOOO 500,000 1,000,000 






















































AJPPENDIX 


677 



Fig. A-8.—'Coiiversion factors for power arnplifier triodos and pentodes- 
In using these curves, the ratio of tho now plate voltage to the published plate voltage 
nearest tho desired now operating point is first determined. This ratio, tho voltage conver¬ 
sion factor is then used to dotermino, from tho curves, tho factors Fi, Fp, Ft, and Fom. Fa 
is also used to determine tho now scroon and control-grid voltages. (Courtesy of FCA 
Manufacturing Company, Inc,) 
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Fig. A“9,—Average plate characteristics for the type 6J5 triode. 



Plate Volfs, 

I<hG. A-iO.— Avemgi) plate characteristics for the types 6F5 and 6SF5 triodcH, 
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Fig. A-11.—Average plate charactovistios for tho tyi^es 70 and SO triodoB. 














Pla-l-e Currenf, Milliamperes 
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X'ly. A-14.—Average plate characteristics for the typo GSJT |Kmtoda with 5()"Volt screen 

voltage. 



100 200 300 400 500 

Plate Volts 

Fig. A-1 6.—Average plate characteristics for the type 6BK7 iientode. 
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Plate Volts^ejj 


Fig. A-16.—Avorago plato characteristics for the type 45 triode. 



Plate Vol-fs^eb 

-Fro. A-17.—Ayeragc plato characteristics for the type 50 triode. 
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Fig. A~19/ 



Fig. A-IS.—Average plate characteristics for the type 2A3 triode. 
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10 
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-Average plate characteristics for the type 6F(1 triple-gritl 
pentode. See Fig. 3-4 for characteristics for triotie cmuicetifiii. 
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AVERAGE PLATE CHARACTERISTICS 
Each Triode Uni+ 


Plate VoU-s^ej, 

i 10 . A-20.—Average plate oharaoteristics for typos 6A6, 6N7, and 63 twin triodes. 


-5U4-g'- 

_Ef s= 5.0 volts a.c_ 

r ~ Choke ^L) input to filter: 

L=3 henries ('min.) i 
— CondenserfC) input to 4- 
—filter: C=4/<fiTot.effect.. 


_^Type 5V4”6lX~L 

_|_ Ef =5.0vol+s a.c. I 

Choke(L) input to'Filter” 
L= 4 henries (min.) -f- 
—jCondenserCC) inpufto _ 
V filter: tbt.ef feet, plate 
supply impedonce pei— 
—“ 65 ohms 


0 50 100 150 200 250 

U"C Load Milliamperes 

B IQ. A-21. Operation characteristics for the 
type 5U4-C rectifier. 


0 50 lOO 150 200 

D“C Load Milliamperes 

B'la. A-22.—Operation characteristics for the 
type SV4*G rectifier. 




Oirecf Output Volts at Input to Filter 
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“Type 5Y3-G' 

= 5.0 N/oIfs ac. ^ 

Input condenser 
■"Toteffecii plate-supply 

^.Impedance per plate®!. 

ZOohms ! } 



0 ^ 40 80 120 160 

D“CLoad Milliamperes 


Fig. A-23.—Operation characteristics for tli© typo 5¥3-0 roctiflor. 


AVERAGE CHARACTERISTICS 
Halfwave reclification’Single Diode 



Fig. A-24.- 


40 30 20 10 

D-c Volts Developed ly Diode 

-Rectification charaotoristics for tlm typit OUe twin «li!ni«s. 
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Anode diagram, phot.atxihe, 649 ~fi51 
Anode glow, 419 
Arc discharge 

control of breakdown in, 441 -444 
current, factors affecting, 44 I 
cleioniKation in, 448“»-447 

distinguishing features of, 418, 43S.446 

electron emission in, 438 -440, 523 
grid-controlled, 442-"444 (sm also Thyratrorm; 
hot-oathoda, 440“~44 X 
initiation of, 438~'-445 
koep-ftlive elDotrode for, 442 
mercury-pool, 439“‘440 
space charge in, 439*“'44(> 
summary of facsts ooneerning, 44S-449 
theory of, 438-441 
voltage of, 438-441 
Arc drop, 439, 44D, 4fiB 
Arc reignition voltage, 446-447 
Aroback, 447, 625 
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Arc-discharge tubes (see also Thyratrons) 

advantages of over high-vacuum, tubes, 463, 
473-474, 567-568 
as amplifiers, 505 
breakdown time of, 442, 468 
cathodes for, 464-466 
choice of gas or vapor for, 466 
cold-cathode, 442, 522-529 
critical grid voltage of, 442, 469-473, 505-507 
definitions pertaining to, 447, 467-468 
deionization in, 446-447, 468 
efficiency of, 463, 474 
gas or vapor, choice of, 466 
grid control of, 441-444 
grid-control characteristic, 442, 469-473 
grid-control ratio, 441-442 
hot-cathode, arc-drop in, 438-441 
hot-cathode grid-controlled (see Thyratron) 
as a light source, 475-476, 529-532 
mercury-pool, 439-440, 445, 521-527 
mercury-pool, igniter-controlled (see Ignitron) 
power efficiency of, 474 
precautions in the use of, 475 
ratings of, 467-468 
as a rectifier, 476, 520, 522, 667-568 
reignition voltage, 446-447 
stroboscopes, 529-532 
strobotron, 528-529 
tungar, 462-463 
Atom, 1-2 

Automatic gain control, 186, 326-327 
B 

Back current, 525 
Balanced modulator, 291-292 
Band-pass amplifiers, 138, 191 
Barrier-layer cells (see Photovoltaic cells) 

Beam pentode, 63-65 

(See also l^ower amplifiers) 

Beat-freq[uency oscillator, 412-414 
Bias, grid (see also Power amplifiers) 
definition of, 70, 72 

methods of providing in oscillators, 393-396 
self-bias, in amplifiers, 105-106, 131-133, 160, 
161 

Breakdown 

definition of, 417 
of grid-glow tubes, 436-438, 458 
between needle points, 382 
theory of, in arc discharge, 442-443 
theory of, in glow discharge, 432, 354 
Breakdown time 
of arc-discharges, 442, 468 
of glow discharges, 432, 435 
of ignitrons, 445, 523”524i 
of thyratrons, 408 
Breakdown voltage, 417, 430 
Breakoff voltage of glow-discharge tubes, 433 
' Bridges 

frequency, 626-628 
tube-factor, 650-659 
use of, in oscillators, 399-401 
By-pass condensers, 132, 133, 161-162, 209 


C 

Candle, 635 

Candlepower, 535 

Capacitance, effective input (grid) 

effect upon resistance-coupled amplifier, 145, 
150, 155 

equations for, 93, 95-96, 109, 211-216 
experimental determination of in resistance- 
coupled amplifier, 156 
of power pentodes, 241 
Capacitance, interelectrode, 93-94 
Capacitance meter, 620 
Carrier frequency, 283, 647 
Carrier suppression, 305 
Carrier wave, 283 
Cathode, definition of, 21 
Cathode dark space, 419 
Cathode drop (cathode fall of potential) 
definition of, 420 

effect of thermionic emission upon, 439 
numerical values of in arcs and glows, 420, 421, 
438-439, 440 

Cathode-follower amplifier, 164-174 

Cathode glow, 419 

Cathode resistor (see Bias, grid) 

Cathode spot, 441) 

Cathode rays, 14-17, 630-633 
Cathode-ray osoillosoopo 
amplifiers for, 638-639 
circuit of, 640 

in determination of characteristic curves, 433, 
649-660 

effect of capacitance of deflecting idates, 647 
electronic switches for, 639 641 
in frequency comparison, 644 647 
Lissajous figures, 634 

sweep circuits (time bases), 366-869, 454*453, 
482-483, 488 502, 634-638 
transient viaualizerH, 641 643 
Cathode-ray tube 
beam deflection in, 630 033 
screens, 033 -634 

structure and theory of, 62B 630 
Cathodes 

for arc tubes, 441, 464-466 
for high-vacuum 29 30 

for phototulies, 536 537 
Characteristics 
arc tube, 441-442, 469 473 
Class B, 263, 264, 278 

composite, push-pull, 247-251, 263-264, 278 

detection, 322 323, 336, 684 

dynamic grid of vacuum-tuhi», 118-119 

dynamic transfer of vacuitm tulww, 82.84, 161, 

263 266 

experimental deterndnntion of, 6494150 

glow-tube, 416-418, 422, 427.428, 433.436 

grid-control of thyratrons, 441 '"442, 469-473 
photoconductivo-tube, 555 
phototube, 436-437, 537, 539, 541-542 
photovoltaic-cell. 556 559 
rectification, 322-323, 336, 684 
static and dynamic of high-vacuum t«h«, 47- 
60 
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Characteristics (continued) 

typical static of receiving tubes, 49, 50, 64, 
55, 58, 59, 62, 64, 239, 249-250, 263-264, 
382, 385, 678-684 
Child’s law, 33-35, 37 

Class A, Class AB, Class B, and Class O ampli¬ 
fiers, 139-141 
{See also I^ower amplifiers) 

Clipping, 125-120, 319, 323, 358-359 
Coefficient of recombination, 7 
Collision of the second kind, 5 
Commutation, motor, by means of thyratrons, 
503-505 

Commutation of thyratrons, 477-485 
Composite plate characteristics, 246-250, 2(51, 
263-264, 277-278 
Compression, volume, 186-187 
Condensers, by-pass, 132,133, 161-162, 209 
Conductance 
effective grid, 94-97 
electrode, 52 

negative, effective of, 96 , 277 , 373-377 
Contact difference of potential, 8-9, 46 
Contactor, periodic, 457, 491 
Control grid, 43 
{See also Grid) 

Conversion equations for power tubes, 238 
Conversion factors for pentodes, 160 
Corona discharge, 431 

Counter-o.m.f. control of thyratrons and igni- 
trons, 484-485, 526 
Counting circuits, 486-488, 623-624 
Coupling, critical, 190 
Coupling, optimum, 192 
Coupling ooefEoiont, 178 

Coupling resistance, 14.5-146, lf)5--169, 542, 649- 
551 

Crater lamp, 460 

Critical grid voltage, 441-442,468, 470-473, 605- 
509 

Critical inductance in smoothing filters, 686 
Crookes dark space, 419 
Crystal, quartz, 408-409, 661-662 
Current 

grid (sc® Grid current) 
plate (me Plate current) 
saturation, 21, 31, 538 
Current sensitivity, 127 
Current stabilizer, 594 
Cut-off, 49, 66 

D 

Dark current, 416 
Dark space 

Crookes (Hitorf or cathode), 419 
Faraday, 419-420 
primary, 419-420 
Decibel, definition of, 141 
Decibel chart, 676 
Decoupling circuits, 132, 210 
Deflection of electron beam, 14—17, 630-633 
Degenerative feedback, 197-299, 277, 280, 007, 
614-017 

Deionization, 6-7, 446-447 
Deionization time, 446-447, 468-471, 523 


Demodulation, 300 

(See also Detection) 

Detection of a-m waves, 300-325 

circuits, 306, 308, 310, 319, 320, 321, 335 
characteristics, 323, 336 
by complete rectification, 306-320 
by curvature of current,-voltage characteristic, 
301-306 

definition of, 283, 300 
design of diode detectors, 317-319 
distortion in, 304, 316, 317-319, 323 
cfFicicmcy of, 312-313, 316 
equivalent circuit for, 324-325 
full-wave, 319 

graphical analysis of, 322—323 
grid-leak, 320-321 
linear-diode, 300-320 
linear-plato, 320 
plate diagram for, 323 
scries expansion for, 323-324 
square-law, 301-306 
tube factors for, 324 
Detection of f-in waves, 333-336 
Detection characteristics, 323, 330, 684 
Detection efficiency, 312-313, 316 
Detection plate diagram, 323 
Detection mu-factor, 324 
Detection plate resistance, 324 
Detoction-plate-resistance bridge, 655 
Deviation, frequency, 328 
Deviation ratio, 328 
Differoiitiating circuit, 357 
Diode, definition of, 21 
Diode detector {see Detection, linear diode) 
Diode, arc (see Arc diaobarge tubes) 

Diode, high-vacuum (nm ChiUPa law; PlmisBiori, 
thermionic) 

Diode plate-current equations, 34, 35, 37 
Direct-current transformer, 5l)l»“5()2 
Discriminator, 333-336 

Disintegration voltage of arc cathodes, 441, 400 
Dissipation, grid, 64, 220, 263-270 
Dissipation, plate, 37, 223-224, 226, 22a-229, 
234, 236-237, 253, 267-272, 467, 551, 673 
Dissipation, screen, 243“-244 
Distortion (me alsoGiupIdeal analyisis jllarmotiitm) 
in amplifiers, 124-127, 107-201 C<f« also Power 
amplifiers; Yoltage amplifiers) 
reduction of, by invemo feedbaek, U)r“201, 242, 
243, 277, 280 

in detectors, 304, 8X6, 317-319, 323 
in modulators, 291-292, 295, 29&“299 
in oscillators, 378-379, 401-402, 411 
in light-sensitive tubas and cells, 542, 549-551, 
560, 558 

Distortion factor, 115 
Driver, 209 
Duplex tubes, 66 
Dynamic characteristics 

of glow-discharge tubes, 418, 433»43B 
of light-sensitive tubes an<i cells, 542, 654-656, 
558 

of vacuum tubes, 48, 81-84, 90-100, 1 18-119, 
261-265, 382-383 (sae atm Characteriitics) 
Dynamic plate resistance, 84-85 
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E 

Eccles-Jordan trigger circuit, 353-357 
Edison effect, 21 

Effective input capacitance (see Capacitance) 
EfELciency 

in amplifiers (see Power amplifiers) 
of arc-discharge tubes, 403 
detection, 312-313, 31G 
emission, 23, 26 

plate-circuit, 224-225, 233-234, 239, 207 
Electrode characteristics (see Characteristics) 
Electrode conductance, 52 
Electrode resistance, 52 
Electrode voltages (see Voltage) 

Electrometer, vacuum-tube, C13-614 
Electron 

charge and mass of, 1 
definition of, 1 
free, 8 

motion of, in electric fields, 11-15 
motion of, in magnetic fields, 15-17 
Electron beam, deflection of, 14-17, 630-633 
Electron beam, formation of, 629-630 
Electron emission 
in arcs, 438-441, 523 
caused by cosmic rays, 6, 416 
field, 10, 439 
in glows, 416-422 

photoelectric, 10, 416, 422, 633-535, 664 
radioactive, 11 

secondary (see Secondary emission) 
thermionic, theory of, 19-23 
types of, 10 

Electron microscope, 24-25 

Electron transit time, 14, 47, 127, 97 

Electron volt, 3 

Electron-ray tube, 648 

Emission, electron (see Electron emission) 

Emission efficiency, 23, 26 

Emitters 

cesiated tungsten, 28-29 
effects of gas upon, 26, 27, 30 
oxide-coated, 26-28 
photoelectric, 534-635 
pure metallic, 23 
requirements for, 23 
thoriated tungsten, 23-26 
Energy, internal, I, 2 

Equivalent electrode circtiita, 87-94, 671-672 
Equivalent plate circuit for amplification, 87-94, 
671-672 

Equivalent plate circuit for dcstectiou, 324-325 
Equivalent thyratron circuits, 476, 481, 493, 
496 

Excitation of atoms and molcciilos, 1-3 
Excitation potentials of atoms atid molecules, 3 
Excitation voltage of tUyratrons Thyratrous, 
inverters; Thyratrous, phase control) 
Excitation voltage of vacuum tubes and ampli¬ 
fiers, 66, 114 

Expansion, volume, 180-187 
Extinction of arc tubes (see Tliyratrons) 
Extinction potential of arcs, 441 
Extinction potential of glows, 433, 435, 458 


F 

Factors, tube 

definitions of, 40-47, 50—54 
determination of, from static characteristics, 
54, 65 

dynamic, 84-85 
effect of screen grid upon, 57 
measurement of, 050-659 
relation of, to static charactoinstics, 54 
relations between, 53-54 
Values of, in tyifical receiving tubes, 685 
Faraday dark space, 419-420 
Feedback (see also Aini)Ufier8) 
inverse (negative or degenerative), 197-209, 
277, 280, 607, 614-617 

reduction of, by means of by-puss condenstu's, 
209-211 

reduction of distortion by, 197-202 
use of to obtain high selectivity, 208-209 
Feedback factor 
definition of, 197 

practical values of, in amplifiers, 207 
Field strength, curves for, in diodes, 34, 36 
Fields, electrostatic and olectromagnetie, 10, 
11-17, 33-36, 439, 630-033 
Filament transformer, need for center tap in, 138 
Filters 

crystal, 661-662 
decoupling, 132, 210 
inverse-feedback, 2()8”2()9 
selective, 626-628 
smoothing (see Power «u{>plioB) 

Firing of thyratrous, 441-443, 523-524 
Firing time, 432, 435, 442, 445, 468, 523 
First detector, 806, 326 
Flux, luminous and radiant, f>34“535 
Foot-caudle, 536 
Frcqueticy 
carrier, 283 

comparison l)y oscilloscope, 644 (M7 
control of, in oscillatorif, 331-332, 369 372 
measurement (sm I''ro(iucncy met(*rs) 
modulation, 283 

regulation of, by thyratrons, 519 
ripple, 564, 565, 569, 571 
side, 283 

stabilisiation of, in (wcillatorM, 331*332, 401 111 
transformation of, 369 4172 
threshold, 535 

Frequency convortesrs, 305 30fi 
Frotineucy deviation, 328 
Frtupieney nic4.t»rs, 624, 628 

Fre<piency modulation (see Mmlulatintu freqnencyl 
Frcfinency ino<Iulution index, 328 
Fnaiuency range of ami)iifiers, 138 
Frequency response, contnd of, in JunpUfiei's, 
187 

Freqiuiuey response characUn'istiew, 128, 150, 154, 
176, 189-190, 192, 208 (i«« also Amplifier«') 

G 

Gain, decibel 

chart for the deterniinalitin 676 
definition of, 142 

voltage, measurement of, 6tl5“669 
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Grain control, automatic, 326-327 
(las 

choice of for arc-discharge tubes, 4C6 
effect of, upon emission and space ctirrents, 30 
upon, emitters, 26, 27, 30 
reiaovaVfrom electrodes and tube -walls, 31 
use of in pliototubes, 540-542 
Gras amplification factor, 541 
Gras tube, definition of, 41 
Gate circuits, 349—357 
Gauss’s law, 6 
Getters, 31 

Glow, anode; cathode; iiegativ-e, 419 
Glow discharge 
abnormal, 421, 431 

advent of self-sustaining discharge, 422-427 
Vu'cakdowu, 417, 429-432 
breakdown time, 432, 435 
breakdown voltage, 417, 430 
breakoff voltage, 433, 435, 458 
current-voltage characteristics, dynamic, 418, 
433-436 

current-voltage characteristics, stittic, 416-418, 
422, 427-428 

current-voltage diagram, 432-433 
dofinitioii of, 418 
deionization time, 435-436 
distinguishing characteristics of, 418, 438-439, 
448 

extinction i)otontial, 433, 435, 458 
grid-controlled, 436-438, 458-461 
ignition, 422-427, 431-432, 436-438, 448 
ignition potential, 423-424, 427-428, 439 
ignition time, 427, 435 
normal, 421-422 
in phototubes, 541-542 
physical asi^ect'.i of, 418-420 
potential distribution in, 420-421 
Btriations in, 419-421 
Burxunary of facts concerning, 448-449 
threshold current, 417 
Glow-discharge tube, 448-462 
as an amplifier, 462 
appliiiatioriB of, 449 

control of current and power by, 458-461 
effect of light upon, 455-456 
grid-controlled, 436 438, 458-401 
as a light source, 449- 452 
as an oscillator, 454 -458 
jy an oscillograph, 451-452 
Iiliotoolectrie, 553 

in lU'otection against voltage surges, 462 
as a rectifier, 453-454 
starter-anode, 461 
syinbols for, 450 
afi a voltage stabilizer, 452-453 
GrEphi<3al analysis (ace also Plato diagram) 
of Ohiss A amplifiers, 235-236 
of Class B amplifiers, 263-273 
of detection, 322-323 
mechanical aids to, 114-115, 236 
of niodulation, 298, 299 
of phototuljes, 549-560 
of plate current, 106-115 
of push-pull amplifiers, 251-252, 257 


Graphical analysis, of selenium colls, 55r>-556 
of voltage amplifiers, 160-161 
Grid 

definition of, 43 

theory of, 44-47, 55-61, 430-438, 441-444 
free, 157-158, 438, 355-356 
screen (shield), 56-58, 471-473 
sharp-cutolT arid reinote-eutolT, 55, 193—194 
suppressor, 59—63 
Grid bias (me Bias, grid) 

Grid characteristics, dyiuiniic, 118-119, 2(53-20 5 
Grid couductaiuso (see C'h>nductaiKU!) 

Grid control of arcs i^ee Arc cliHcharge; I'liyrii- 
trous) 

Grid-control (diaracteristio, 442, 408-473, 506-508 
Grid current 

in arc-discharge tubes, 443, 408-409, 471'-'472 
in grid-glo w tubes, 437—438, 458“'459 
in thyratrans, 468-409, 471-472 
in vaemun tulics, 45, 47, 57-60, 64,# 67-72, 
88, 69, 92-93, 93-94, IIB-UO, 125, 12(1, 
157, 160, 161, 203-264, 2(15, 274-277, 387, 
393-395,551, 613 
Grid-glow tube, 436-438, 458-461 
Grid leak, liniitatioim on size of, 156-157, 394-395 
Grid swing, 70, 72, 226 
Grid voltage (see Voltage) 

Grid voltage, critical, 441-442, 468-473, 605-509 
11 

Harmonic, percentage, 115 

Harmonic analysis, graphical (see Oraphienl 
analysis) 

Harmonic analyxers, 659.605 

Harmonics, generation of, in vacuutn tubes, 67, 
73, 77-79, 81-82 
Heterodyne oscillator, 412-414 
Hitt.orf <lark 8pa<M\ 419 
Hittorf principle (Hhort-path prin<4i>k's), 428 
Hyporbohus, use of, in CUihh B amplifier sinalynis, 
268-269 

I 

Iconoscope, 553 
Ignitor, 445, 523-525 
Ignition (sac Glow disebargo) 

Ignition potential («eo Glow dischargiO 
Iguitroll, 445, 523-528 
applications of, 528 
circuits for, 525-527 
comparison with thyratrnn, 525-525 
deionization in, 523-524 
oxtincstion of, 476-485, 526 
0 |)erating data for, 688 
Bt-ruciuro of, 445, 525 526 
theory of, 445 

time of lu’oakdown of, 445, 523 
Illumination, definition of, 536 
Illumination control, 518 
niumination ineasiirement, 545 546 
Image force, 8 

Impedance convomionVjy iiHums of tubes, 21l'-'216 
Irajmdaxice matching, 172, 244-246, 257-258 
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Inductance, critical and threshold, 586-587 
Initial velocity of emitted electrons, 35-37 
Input capacitance (see Capacitance) 

Intensity, luminous, 496 
Intermediate frequency, 325-326 
Intermodulation, 77-82 

Inverse feedback, 197-209, 277, 280, 607, 614-617 
Inverse-feedback filter, 208-209 
Inverse voltage, peak, 447, 467 
Inverter (see Thyratron) 

Ion, 2, 3 

Ion sheath, 437-438 
Ionization, 2-6, 422-424 
Ionization coefficient, 5 
Ionization potential, 3 

K 

Keep-alive electrode, 442 
L 

Light, modulated, 450-451, 547 
Light-sensitive tubes and cells (see Photoconduc- 
tive cells; Phototube; Photovoltaic cells) 
Limiter, 333-334 

Load, optimum (see Load resistance; Power 
amplifiers) 

Load impedance (see also Power amplifiers) 
definition of, 48 

effect upon dynamic transfer characteristic, 
81-84 

effect upon harmonic production and inter¬ 
modulation, 81-82 
optimum (see Power amplifiers) 
symbols for, 70 

variation of, with frequency, 100-101, 242 
Load line, dynamic 

construction of, 102-106, 115-117 
definition of, 100 
equation for, 100 
Load line, push-pull, 250-251 
Load line, static, 97-99 
Load resistance, 66, 71, 97-101 
(See also Power amplifiers) 

Long-wave limit, 495 
Loud-speaker, 207, 242 
Lumen, 535 
Luminous fiux, 535 
Luminous intensity, 535 

M 

Magic eye (electron-ray tube), 648 
Magnetic control of arcs, 444 
Metal tubes, 41 

Mid-band amplification, 149—179 
Mixer, 185-186 
Modulated light 

phototubes for use with, 547 
production of, 450-451 
Modulation, amplitude, 283-300 
by balanced modulator, 291-292 
carrier frequency, 283 
characteristics, 294, 298, 346 
by characteristic curvature, 287-292 
circuits for, 287, 291, 292, 300 
by complete rectification, 292-296 


'Modulation, amplitude (continued) 
definition of, 283 
degree of, 285-286 
by diodes, 292-290 
distortion in, 291-292, 295. 298-299 
graphical analysis, 298 
linear grid, 297 
linear plate, 290-297 
side frequency; side baud, 286 
square-law, 287-292 
Modulation, frequency, 283, 327-345 
advantages of, 343-344 
circuits for, 332 
definition of, 283 
deviation ratio, 328 
modulation index, 328 
noise suppression by, 336-343 
use of proomi)hasi8 in, 340 
Modulation, phase, 283, 331 
Modulation charaotaristio, 294, 298, 346 
Modulation factor, 285 
Modulator 
balanced, 291- 292 
frequency, 332 
Van der Bijl, 287 
Molecule, excitation of, 3 
Motorboating, 210, 394-396 
Motors, thyratron, 503-606 
Mu-factor, definition of, 51, 324 
Multipliers, seoondary-emis«ion, 551-653 
Multivibrator, 302-355, 369—372 

N 

Negative feedback, 197“*209, 277, 280 
Negative glow, 419 

Negative resistance lie«istanoe, negative) 

Negative transoouduotaiuMi, 2Sl 28J1 

Noise 

causes of, in amplilieri, 30, 37, 196 
reduction of, by Inveme ffsedlmck, 201 
Noise sui.)pre»Hion in frequentsy modulatitin, 

343 

Nonlinear distortion, definition of, 125-126 
(See also Distorfcioti) 

Normal atom, I 

Normal glow discharge, 421-422 
Nucleus, 1 

C> 

Ohinmcters, electronic, 619 “62() 

Operating data for typical rc«ceiving ttilitw, thyra- 
tromi, and ignltrons, 68fy-68« 

Operating point 

dynamic, 72, 102-1(81, U5-U7 
static, 72* 97-99, 115 117 
Optimum load (##« Load reswiiaicc; Power 
amplifiers) 

Optimum power output (sm Power i«nplif|«rM; 

Power output) 

Oscillation, criterion for, 2(P1, 374 . 376, 387, 

391 

Oscillation amplitude, limitatioii of, 393-396 
Oscillators, 3(H4™4I4 

amplitude «tabili»atlrm of, 377.378, 

397 - 398 , 4 ( 8 ) 
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Oscillators {continued) 

arc-tube, 482-483, 488—602 

beat-freqaency, 412-414 

bridge, 399—401 

crystal, 498—409 

classification of, 361 

desiga of, 401, 404 

distortioa in, 378-379, 401-402, 411 

dynatron, 380 

electron coupled, 403-404 

feedback, 387—402 

frequency control of, 331-332, 309-372 

frequency stability of, 401, 402-403 

frequency stabilization, of, 404-411 

generalized feedback, 392 

glow-tube, 454-458 

grid bias for, 393-396 

grid current in, 387-388, 393-396 

Hartley, 391-392 

impedance-stabilized, 406-408 

limitation of oscillation amplitnclo in, 303“390 

magnetostriction, 409-411 

magnetron, 414 

Mieissner, 392 

multivibrator, 362-366, 369-372 
negative-resistance, 373-386 
phase-shift, 398-400 

plate voltage, methods of applying, 393 
power output of, 411-412 
push-pull, 383-386, 393 
relaxation, 362-372 
resistiince-stabilized, 405-406 
resistance-tuned (R-C), 386, 396-401 
saw-tooth-wave, 366-369, 454-458, 482-^183, 
488-602, 636-638 
sine-wave, 372-414 
sqtuaro-wave, 358, 359 
tliyratron, 482-483, 488-502 
tunod-filter, 411 
tuned-grid, 387, 390-391 
tuned-grid—tuned-plate, 392 
tuned-plate, 387-390 
types of, 361 

types of oscillation in, 376-377 

use of, infrequency transformation, 369-372 

Van der Pol, 365 

Oscillograph 

cathode-ray (see Cathodo-ray oscillosoopo) 
glow-tube, 451—462 

Output, power (see Power ainplifiors; Power 
output) 

Output coupling circuits, 138 

Output transformer, turn ratio of, 244—240, 
257-258 

Overloading of arnplifiors, 125-126, 172—174 
1> 

Parallel control of arc-discharge tubes, 477—479, 
526 

Parallel feed, 393 

Parallel inverter, 384-385, 492-495 

Paschen’s law, 427-429 

Path of oporatiorx, 100, 261 

Peak inverse voltage, 447, 467 


Pentode 

beam, 03-64, 243-244 
plate-current equations for, 65 
power, 238-244 
space-charge, 68-59 
suppressor, 50-54, 59-03, 65, 238 
variable-mu, 55 
Phanatron, 462, 476 

Phase control, 460-461, 505—517, 520-527 
Phase invertors, 135-138 
Phase-modulation index, 331 
Photoconductivo cells, 553"55(5, 559-500 
Photoconduotivo effect, 533, 554 
Photoelectric cell (ace PhototubtO 
Photoelectric emission, laws of, 534-535 
Photoelectric phenomena, typQs of, 533 
Photoglow tube, 653 
Photolyfcic cell, 556 
l^hoton, 2 

I»hobotubo, 633-653 

amplifiers for, 543-648, 560-551 
uuodo oharaotoristica, 538-540 
anode diagram, 549-561 
cathodes, 636-537 
circuits, 543-547, 550-551 

comparison with photoconductivo and photo¬ 
voltaic cells, 659-56() 
coupling resistanoo, 542, 649-551 
current-wavelength characteristics, 536 “537 
definition of, 40 
distortion in, 649—651 
factors, 539-640 
gas-filled, 538, 540-543 
lag in response of gas-filled, 542 
sensitivity of, 539-640, 548 
structure of, 538 
vacuum, 538 “r)39 

Phototube voltage, operating, 542, 649'^55l 

Photovoltiiio coHh, 655-560 

Photovoltaic offecst, 533, 656- 557 

I’hotox and photronio cells {am Photovoltaic colls) 

Planck’s constant, 2 

Plate 

definition of, 21 
heating of, 37 

Plate circuit, equivalent, for amplification 
applications of, 89, 144, 148, 151-162, 165-165, 
169, 175, 177, 188, 388 
derivation of, 87- 89, 671 672 
method of constructing, 89 92, 571- 672 
value and linutations of, 89 
Plate circuit, cKpiivalent, for dcsteotion, 324-325 
Plate current 

alternating, 66-69, 73-81 
average, change of, with excitation, 67, 192- 
106, 115-117, 598 

graphiiud analysis of, 105.1 16, 160-161, 235- 

236, 251-252, 257, 263-273, 54t)»550 
in niultigri<i tubes, 65 
<)t»erating, 72 
symbols for, 68 
triodo, o< 3 .uations for, 45“9(} 
lUate dissipation 

determination of allowaldo value, 224 
heating of plate esaused liy, 37 
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Plate dissipation (.continued) 

limitation of power output by, 223-224, 226, 
228-229, 231, 234, 236-237, 253, 267-268 
theoretical expressions for, 223, 267 
use of hyperbolas in the determination of, 268 
Plate resistance, detection, 324 
Plate resistance, static 

bridges for the measurement of, 652-653, 658 
definition of, 52 

determination of, from plate characteristics, 
54, 65 

effect of screen and suppressor grids upon, 57, 60 
relation of, to amplification factor and trans- 
conductance, 53 

values of, in typical receiving tubes, 685 
Plate diagram 

for amplification, 101—106, 115—118, 235-236, 
239, 250-257, 263-264 
for detection, 323 

Plate-circuit efficiency, 224-225, 233-234, 239, 267 

Polar diagram, 202-204 

Positive column, 419—420 

Potential, contact difference of, 8-9, 46 

Potential distribution 

in glow-discharges, 420—421 
in high-vacuum diode, 34-36 
Power amplifiers. Class Al, 139—140, 222-258 
analysis of, 226-238, 240 
beam-pentode, 243-244 
bias for, 231, 238, 240 
definition of, 139 
design of, 235-237, 240-241, 257 
distortion in, 226, 227, 231, 232, 235, 240, 241, 
243 

graphical analysis of, 115-119, 235-237, 

251-252, 257 

inverse-feedback, 197-209, 241 
methods of analysis of, 222 
operating conditions, determination of, 235- 
237, 240-241, 253-257 
operating voltages of, 238 
optimum load for, 226, 228-233, 240-241, 253- 
257 

output transformers for, 244-246, 257-258 
pentode, 238-244, 256-257 
plate-circuit efficiency in, 224-225, 234, 239, 257 
plate dissipation in, 223-224, 229, 234, 236-237 
power output of, 225-226, 251-253, 256-257 
(see also Power output) 
power-output rule for, 235 
power relations in, 223-224 
power sensitivity of, 231, 239 
push-pull, 246-258 
screen dissipation in, 243-244 
tetrode, 238-239, 243-244 
Power amplifiers. Class A2, 140, 226 
Power amplifiers, Class ABl, 252-253, 279-280 
Power amplifiers. Class AB2, 279-280 
Power amplifiers, Class B audio-frequency, 261- 
281 

applications of, 261 
bias for, 139, 262, 274-275, 277-278 
characteristic curves of tubes for, 263, 264, 278 
composite characteristics for, 261, 263-264, 
277-278 


Power amplifiers (continued) 
definition of, 139-140 
distortion in, 265, 273—278 
driver stage, design of, 276-277, 278 
graphical analysis of, 263—273 
grid current in, 118-111), 2(53-266, 274-277 
inverse-feedback, 277—280 
optimum load for, 2(19-273 
plate dissipation in, 267 
plate-circuit elliciency of, 267 
power output of, 266“269 
problems in the daHign of, 273-278 
tubes for, 275, 278 

Power amplifiers, Class C, 139, 280-281 
Power input, 223, 267, 672-673 
Power output 

of amplifiers (see Power aJni>lifiars) 
approximate, based upon equivalent plate elr*. 

ouit, 225-220 
full, 226 

graphical determination of, M7-I18, 251-252, 
208-269 

limitation of, by dissipation, 223-224, 

226, 228-229, 231, 234, 236--237, 263, 267- 
268 

moas\iromont of, 667-568 

optimum, 226-235, 256, 259-273, 557-668 

of oscillators, 441-412 

lh)wer relations in vacuum-tnbe |>ljite cdrenils 
223-224, 672-573 
Power sensitivity, 128, 231, 239 
Power Bupplios, 564-690 (««»«' alMo Keetifiew) 
circuits for, 565-572, 574, 688 
design of ohoka cjoiulenwor (I^-seetion) filter, 
682-690 

design of choke-eonderwer filter with eoiHieni«r»r 
input (pi-«eetion), 590 
design of condenser filter, 678-682 
output impedance of, 687 

regeneration caused by linpedanei* of, 209-'21CK 
587 

ripple, percentage, 555 

ripple factor, 666, 559, fiHI 

ripple fretjuency, 554~-"666, 659, 671 

transformer tlesign, 668 

transient ascillatioiiM in, 687 

tubes for, choice of, 667 6(18 

voltage doubler, triplet-, nml rpniflriiidef, 

507 

voltage regulation in, 674, 677' 67H, 6«l, 68S, 
589, 690 

wave fortna of rectifier out put, 672 67.1 
Power-output rttic, 236 
Preemphaais, 340 
Primary dark apace, 419 425 
Pulse generators, 365) 350 
Ptilae shariicners, 367 359 
Push-pull amplifiers, 113, 133 138, 24fl' 263 

t| 

Quantum, 1 

Quantum theory, b-l, 634'.636 

Quiescent point; cpiiweimt 72 
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R 

Race timer, electronic, 622-“623 
Radiant flux, 534 

Radio communication, by inodulntcd waves, 287, 
325, 343-344 
Rayfoto cell, 556 

Reactance, chart for the detenuiuatioii of, (175 
Reactance-tube circuits, 211-216 
Reactor, saturable, use of in pliaHe-coutrol cir¬ 
cuits, 515-516, 518~|l() 

Recombination, 5-7 
Recombination cooflicienl,, 7 
Rectification, 284 

Rectification characteristic, 322—323, 33(5, 084 
Rectification coefficient, 325 
Rectifiers (see aim Power supplies) 
choice of tubes for, fiGT-SOS 
circuits for, 565-507, 506-572, 588 
comparison of inercury-v>'Hi)or and higli-vactium, 
473-474, 567-568 
definitions pertaining to, 5G4'“505 
efficiency of, 508 
glow-tube, 453-454 
grid-controlled, 470, 520, 507-5(58 
phanatron, 452, 473-474 
tungar, 462, 463-404 
wave form of, 572-573 
Rofgnition voltage, 435, 446-447 
Relaxation control of arc-discharge tubcjs, 486-484 
Relaxation inverter, 480-484, 498-501 
.Relaxation oscillator 
glow-tube, 454-457 
tbyratron, 482-483, 488-502 
vacuum-tube, 362-372 
Relay control by thyratrons, 522 
Remote-cutoff grid, 55, 193-194 
Resistance 
doteotien- plate, 324 

effective, variation of, with fretiuency, lOO-lOl, 
242 

eftcctive input of diode, 313 
ol(5ctrocle, 52 
grid, 53 

negative, 57-58, 60, 214-215, 277, 341)-35<), 
377 

plate, dynamic, 84-85 
plate, statics (»«(! Plato rcHiHiam-m, static) 
Resistanoc coupling, 128, 149 -173, 183, 187 
Resistance stabilisiation of os(iinator8, 405-400 
Ri(shardHon's equation, 21-22, 37 
Hippie, iscsrccsutago, 505 
Riprsle factor, 5(i5, 569, 581 
Ripple frcquenc.y, 504, 565, 566, 571 
Hipislo voltage, 604-505 

H 

Saturable reactor, uho of, 515-51(i 
Saturation 

temperature, 22, 37 
voltage, 21, 35, 37, 538, 549, 550 
Saturation current, 21, 35, 638, 549 
Saturation voltage, 21, 35, 37, 538, 549, 550 
Baw-tooth-wave generators, 454-457, 488-461 
Bcreen dissipation, 64, 243-244 


Screen grid, 56, 471—473 aUo Ihuituxbs; 

Tetrode) 

Soeoiidary enuBsion 

ainpliliers (multipliers), 551-553 
in beiun pesutodes, 63 
■ in Class B arriplificrs, 277 
definition of, 10 

effect upon grid and i>lat-o eurr<.MitH, 49, 57—60, 
157, 277, 613 

in glow discharge, 424—426 

oscillators deijonding upon (dynatroii), t380 

in phototubcH, 551- 553 

in suiDimoHSor pentodcH, 50- IH) 

in tcitrodoH, 57-58 

from tube walls, 41 

Hecrocy systems (speech scrainldei'H), 296—396 

Selectivity control, 191 

Selenium cell («<.’« 1*holeeoiidn<4ivo colls) 

Self-bias (see .Bias, grid) 

Sclf-HUHtiiining discdiiirgo 4211 (««r (Ilow 

discdiargo) 

Sensitivity, current., 127 
Sensitivity, idiototulxt 539-"54() 

Sensitivity, power (see Power sensitivity) 

Series control of arc-disciharga tube's, 479.480 

Series oxi)anfiic>rn for dcttitction, 323.324 

Seri< 3 H expauHton for jdaf e and other ol(»ctrad« cur- 
remts, 74-82 
Series feed, 393 
Series inverterB, 405 *-407 
Sheath, ion, 437 438 
Shielding of amplifiers, 190 
Short“i)atli i>rinciple, 428 
HhotcfTacl., 37 

Side baud, side fnquenety, 285 
Signal, 124 

Sine vvavoa, resultant of t.wo, 314.3U1 

Singlc-sidc-band iranstniHsion, 287 

Hmoothi ng factor, 5G5 

Smootbing filter («/wj Powen- Hupi>fi<iH) 

Space charge 

at arc cal-liodiq 449, .523 .524 
ii» arcH, 440 

in beam t»ento<lcH, Oli- (M 
defuiit.ion of, 6 

<listrihuti(m of, in vacuum <lk>de, 26, 34, 36 
limit-ation d stmee current Viy, 32 37 
slK'tuMi, 437, 443 444 
in tetrodi'w, 57 .59 
Kijn(u\ current, 30, 32—37 
8i>ac(Mduirg(i grid, 58 59 
Sparking iK)teniinl (see Igtiitioii p(»tm)(iul) 
Spectrtim, 2, 0 

Hpeecli H<U'atnlilt‘.r«, 299.300 

Speed <U)ntr<>l by thyratrons, 519 
Speed nieters, eloetrenic, 629 623 
Spot fixer, 440, 525 
Stpiare-wavo gentnuiors, 35B, 359 
Square-wave tentiiig of arriplifiers, 6IU5 -667 
Stabilivolfc, 453 
Btuhilisiers 
current, 594 
voltage, 59()-51>4 
Btartor-anode glow tube, 461 
Mtahs of atoms and molaciileM, 1 2 
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Static, 341-343 

Striking potential (see Ignition potential) 
Stroboscopes, 529—532 
Strobotron, 439, 528-529 
Supercontrol tubes, 55 
Superheterodyne receiver, 325-326 
Superposition theorem, 88 
Supply voltages, 66 
Suppressor grid, 59-63 

Surge protection by glow-discharge tube, 462 
Surges, production of, with thyratron, 483-484 
Switching circuits, 486-488, 349-357, 639-641 
Symbols, current and voltage, 68-71 
Symbols, tube, 43, 56, 57, 450 
Synchronization of relaxation oscillators, 369-372, 
456, 490-491 

T 

Tank circuit, 373 
Temperature 

operating of cathodes, 20, 24, 27, 29 
saturation, 22, 37 
Temperature control, 519, 617-618 
Tetrode 
are, 471-473 

high-vacuum, 65-59, 65, 613-614 
plate-current equations for, 65 
screen-grid, 55-59 
variable-mu, 55 

Thermionic emission (see Electron emission) 

Thermionic tube, definition of, 40 

Threshold current, 417 

Threshold frequency, 535 

Threshold inductance, 587 

Thyratron 

as amplifier, 505 
breakdown, theory of, 442-443 
breakdown time of, 468 
choice of gas or vapor for, 466 
commutation of, 476-485 
in commutation of motors, 503-505 
comparison with high-vacuum tubes, 473-474 
control of, grid voltage for, 516-517 
control circuits for, d-c, 476-485 
counting circuits, 486-488 
critical grid voltage of, 441-442, 468-473, 605- 
509 

definition of, 462 

deionization time of, 446-447, 468-471 

d-c transformers, 501-502 

electrode structure of, 464-466, 469-473 

equivalent circuits for, 476, 481, 493, 496 

extinction circuits for, 476-485 

in frequency regulation, 519 

grid-circuit resistance, need for, 475 

grid-control characteristics, 441-442, 469-473 

grid current, previous to firing, 468-469 

in illumination control, 518 

inverters, 479-485, 491-502 

motors, 503-505 

operating data for, 686-687 

oscillators, 482-483, 488-502 

phase control of, 505-517 

precautions required in the use of, 475 

ratings, 467-468 


Thyratron (continued) 
as rectifiei^ 476, 520 
in relay ctmrol, 521 
shield-grid, 471-473 
in speed control, 519 
in surge production, 483*484 
switching circuits, 486-488 
in temperature control, 519 
voltage regulator, 518 519 
voltmeter, 611 
welding control, 520-522 

(See also Are tube, grid-eon trollad) 

Time of ignition and breakdown, 432, 435, 442. 
445, 408, 523-524 

Time of transit of electrons, 14, 47, 127 
Time axis of plate-ounmt wave, 67. 104, 108 
Time meters, electronic, 62C)* 623 
Tone control, 187 
TranscondiKJtanca 

bridges for tlie measurement of. 653'-655, 
668-069 

grid-plate, 52-65, 57, 50, 64, 05 
negative, 381 
plate-grid, 53-54 

Transfer characteristics, 47-‘•50, 82.S4, 101, 

263-266 
Transformer 
d-c, 601-502 
driver, 278 

output, 244-246, 257-258 
Transient visuallsBcrs, 641-643 
Transients 

in amplifiers, 110'120 
in loud speakers, 207 
in power suppliM, 587 
Transit time of eleoironi!, 14, 47, 127 
Transreotifioation, 284, 320 
Transreotification eoellicieni, 325 
Trigger circuits, 349-357, 438, 547 
Triggering pulses, eirtnnis fc»r, 357“351> 

Triad© 

amplifioati<»n of (me Am|:difier»; Fow«r fctnpli- 
fiers; Voltage ampUflera) 
arc (me Thyratron) 
conversion equatiorw for, 238 
definition of, 43 

dootrodtt strtieture, 43, 45$, 4111, 4IH.4611, 

473 

electrostatic field in, 44 45 

glow-discshargc, 435-438, 458-451 

grid action, theory of, 44 '47, 437-438, 442"-4"l3 

plate-current eriuitlioiw for, 45.45 

relation of airtplificirtimi factor In idiwlrwln 
structure, 45-47 
tube symbols, 43, 450 

Tub© characteristics, tleteriiilniilifin of. II4II -IIAll 
Tub© chartiateristics of typieiil rociiivittg tiilw. 

678-684 

Tub© factors Fimtius, tubo) 

Tub© symbols, 43, 56. 57 
Tub© voltage drop, 458 
Tube-factor bridgeji, 

Tubes 

arc-dischargo (ms Are-ilbidiiirgfi tiiimii; Tliyrm* 

iron) 
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Tubes {continued) 

cathode-ray {see Cathode-ray tube) 
characteristics of {see Characteristics) 
chissifioation of, 37-41 
data for typical receiving tubes, 685 
electrometer, 613-014 
electron-ray, 648 

glass and metal, comparison of, 41 
glow-discharge {see Glow-discharge tubes) 
materials used in the manufacture of, 42 
photoelectric {see Phototubes) 

8truct\ire of, 38-42, 43, 55-64, 422, 445, 450, 
458, 461, 464-466, 469-473, 470, 521. 523. 
524, 528, 538, 557, 613-614 
symbols for, 43, 56, 57, 450 
variable-mu, 55, 193-194 

{See also Diode; Pentode; Tetrode; Triode) 
Tungar rectifier, 462, 463-404 

V 

Vacuum tubes, typical receiving 
characteristic curves for, 678-684 
operating data for, 685 
Vacuum-tub© ammeters {see Ammeters) 
Vacuum-tube electrometer, 613-614 
Vacuum-tube ohmmetera, 619-620 
Vacuum-tube symbols, 43, 56, 57, 450 
Vacuum-tube voltmeters (sec Voltmeters) 
Vacuum-tube wattmeter, 618-010 
Variable-mu grid, variable-mu tube, 55, 193-194 
Velocity distribution, 20 
Visual-response curve, 537, 559 
Voltage 

applied in grid and plate circuits, 66 

breakdown, 417, 430 

breakoff, 433, 436, 458 

cathode-drop, 420-421, 438-440 

control of, by thyratrona, 518 

(jritioal grid, 441-442, 468-473, 505-509 

cutoff, 49 , 

disintegration, 441, 466 

electrode, 66, 71-72 

(excitation, of atoms and molecules, 3 

exciting, 66, 114 

extinction, 433, 435, 458 

grid-bias, 70, 72 

grid swing, 70, 72 

ionization, 3 

operating, 72 

relations in triode, 66, 71-72 
ripple, 664-665 

saturation, 21, 36, 37, 538, 549, 550 
saw-tooth, 366-369, 464-458, 482-483, 488- 
502, 636-638 
supply, 66 

surge, 483-484, 616-617 
tube drop, 468 

Voltage amplification (see Amplification) 

Voltage amplifiers 
amplification of, 146, 147, 196 
amplification control in, 185-186, 193 
analysis of, 144-156, 161-162, 164, 166-170, 
175-182, 606-667 


Voltage amplifiers (continued) 
cathode-follower, 164-174 
compensated, 162-104 
design of, 154, 156-164, 172-174 
design curves for, 152, 153, 165, 167, 179, 
182 

direct-coufiled, 128-131, 147 
distortion in, 155, 157, 160, 172-174, 182-183, 
193, 666-667 

frequency response of, 128, 150, 154, 176, 189— 
190, 102, 208 

grid bias for, 105-106, 131-133, 160, 161 
grid-current, effect of, 125-126, ICO 
grid swing of, allowable, 125-126, 172-173, 201— 
202 

impodance-capacitance-cou pi ed, 131, 147-149 
indiictance-capacitance-couphHi, 131, 184 
inverse-feedback, 197-209, 277, 280 
overloading of, 125-126, 172-173, 201-202 
phase shift in, 145, 151-154, 164, 179, 181, 
200-201 

push-pull, 113, 133-138 

resistancocapacitance-coupled, 128, 149—173, 
183, 187 

single-stage, 144-147 
square-wave testing of, 666-667 
tone control in, 187 

transformer-coupled a-f, 128, 133, 174-184 
transformer-coupled r-f, 133, 188-194 
tubes for, 184-185, 193 
using pentode load, 146 
volume expansion in, 186-187 
Voltage doubler, triphu*, and quadrupler, 566-567 
Voltages impulses, 483-484, 510- 517 
Voltage regulators, 195-196 
Voltage saturation, 21, 35, 37, 538, 549, 550 
Voltage stabilizers, 452-453, 590-594 
Voltmeters, vacuum-tube, 597-612 
advantagiis of, 697 
annilifior iyiio, 609 
balanced, 602-604 
clasHificafion of, 597—598 
dioda, 604-607 
gricl-dctection, 607-608 
inverted, 612 
logarithmic, 608-609 
Iihototube, 017-618 
platc-deteotion, 598-603 
slide-back, 610-612 
tranafor-characteristic, 598 
Volume compression and exininsion, 186-187 
Volume control, aut.omatic, 180, 320-327 
Volume control, manual, 185 

W 

Wattmeter, electronic, 618-619 
Welding control, 520-521, 528 

55 

55ero balamu!, to eliminate direct plate current, 
602-604 
Zero level, 142 
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The following index lists the pages on whieh each symbol, iised with a partieular f.ounotation, is 
(lefiiied. It does not include most of the Hi>oeial Hyinbols for electrode voltages and (uirrentH liHt(Hl on 
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standard Byrnl)ola siudi as t or the vector operator j. 


a 11, 47, 200, 227 

Bm 66 

an 79 

Bdc 454, 565 

ai, < 22 , as, etc. 74 

B/f 56 

Cai)A 70 

Bi 335, 337 

iat)h~k 79 

Bk 294, 302 

A 21, 38. 4(5. 72, 144 

Bl 336 

A' 109 

Bm 78, 574 

A A 151 

Bm&x 108. 118 

Ai 152 

Bmin 108,118 

Ajh 150 

Bo 312 

Ar 170 

Br 307 

Ai, Ai!, ... An 324 

Brm 253 

b 34, 200, 227, 315 

Brl 565 

n 15 

Bw 220230 

Cb 71 

Bu 256 

Oc 131 

B>h 71 

Cm 132 

Bi 289, 336 

(U 175, 211 

B% 28i), 336 

Oyh 94 

For symbols of otlie 

(j up 94 

68 71 

Ci 90, 05 

/ 11 

Cph 94 

/,{ 328 

Cl 177, 188 

/n 12 

Cia 177 

/h 15 

Cii 148, 188 

Sk 319, 328 

d 11,423 

fr 565 

l> 312 

B U, 46, 535 

<i 75 

Btnn.x 298 

ei, 34 

Butin 298 

e, 45 

Bo 2i)8 

rci 58 

l/p 53 

<va 58 

52 

<V8 52 

<//& 53 

<-/ 198 

Dm 63 

eh 198 

Dn 53 

ei 108 

Dp 52 

fi 61 

a 47 

ek 61 

(h 96 

<JZ 51 

h 2, 34, 190, 315 

em 51, 324 

//o, //i, //«, . . . H„ 

Cn 198 

ih 22, 33 

<!(> 108 

to 47 

247 

ui 58 

€ X 

t*oa 58 

('/ 15 

it 247 

E 11 

».*, 1 . 5 , etc. 113 

JSa 4(58. 630 

ii, tdc., 112 

Ebh 66 

lha 67 

Ba 70, 335 

Ihh 323 


Hn 73, 108 


700 
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ho 67 


r2 149 

ht 67 


Rb 71 

Ih 253 


Rc 71 

li 94, 195 


Rcc 106, 131 

II 481 


Rl 481 

lo 94 


Rp 576 

/max 108-109 


Rs 576 

Imia 108-109 


Rt 585 

Irm 250, 253, 584 


s 13, 16, 341, 540, 632 

h 21 


^max 13 

7.8, 1.6, etc. 111-112 


S 339 

7i, 7i, etc. 109 


t 12 

For symbols of other electrode currents see pages 

td 12 

68-71 


^max 13 

7*1, 72, • • . 7«, 329 


to 310 

h 16-2, 173, 178, 212, 

231, 384 

T 21, 68, 223 

K 97, 164, 285 


Tf 46 

1 14, 630 


Tk 310 

L 630 


Tt 97 

Lh 71 


u 19 

La 176 


Uxo 19 

Ll 481 


V 323 

Lj, 180 


« 34 

La 180 


Vd 12 

L^ 685 


va 12 

Lv 175, 481, 583 


Vq 66 

Ll' 180 


«« 14 

7v2 177 


Vp 60 

L*/ 180 


V 33 

m 11, 162, 225 


Fa 464 

Wd 12 


Vi 454 

M 100, 177, 285 


Vp 9 

Ml 328 


10 *8 

Mp 331 


Wi 2 

100, 141, 175 


Tfa 2 

N 339 


a; 246 

No 423 


xb 70 

0 68, 72 


a;c 70, 683 

p 46, 317, 427 


a;* 211 

jn, 332, .. . Vn 317 


XI 683 

Pi 223, 313 


yb 71 

Po 118 


yo 70 

Pp 223 


Fa 94 

Ppm 237 


Yo 170 

P. S. 231 


Fp 94 

Q 310, 456 


» 245 

Qo 181, 456 


Zb 66 

Qi 190 


(Zb)h 80 

<32 190 


(Zb)h^h 80 

f 34, 47, 246 


(Zft)* 80 

rb 70 


2:<i 66 

nb 258 


Zi 244 

rc 70 


XL 174 

Ta 54 


zi 131, 175 

r« 175, 211, 313 


/a 131 

Th 151 


a 153, 565 

Th' 168 


ak 590 

The 176 


at 565 

n 153 


/S 198 

Tp 52 


423 

[rja], /jj, ’P p 575 


I3n 426 

rp' 324 


fip 424 

Tpp 253 


T 151, 164 

n 149 


S 14, 116 

ri' 177 


^2 236 



SYMBOL IVrOEX 


lU 


t 21.46 

Tjji 224: 

e 15, 202, 225 
ec 673 
>vo 535 
n 46, 61 
fJLg 47, 53 
tijkl 51 

J/ 2 

yo 635 
fi 15, 33, 374 
p 377 


Pa 47 
ph 590 
po 377 
PP 47 
pi 565 

4> 179,314,337 

< 361 , . . . 4>n 

coi 337 
u3k 284 
uikt 337 
Wm 285 
0)0 181 
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ANSWERS TO PROBLEMS 


1-1. (a) 4.24 X 10-“ sec. (6) 4 X 10-“ erg. 

1 - 2 . {a) Electron returns to first elcjctrode. It moves to a maximum distance of 
0.237 cm from the first electrode. At the instant of field reversal it is 0.118 cm from 
the first electrode. (6) The energy acquired before field reversal is returned to the 
source of applied potential. That a(‘,quired during the return to the first electrode is 
delivered to the cathode and is converted principally into heat. 

1-3, (a) The energy lost by the electron in moving to the second electrode against 
the field is 6.4 X erg. As this is less than the initial energy, the electron will 
reach the second electrode, (6) 6.4 X 10“^erg is delivered to the source of applied 
potential. The remainder is delivered to the second electrode and is converted 
mainly into heat. 

1-4. 89.3 volts. 

1 - 6 . 11.38 gausses, 

3-1.1 rp = 11,600 12; == 19.5; ^ 1680 ginhos. 

3-2.^ gm = 1950 Atmhos (2000 juinhoB from slope of transfer characteristic) ; 
Tp « 350,000 9; M = 680. 

3-3.1 (a) /X ^8; gm ^ 1700 ^imhos; Tp « fx/g^ = 4700 Q. 

(h) fx ^16; Tp ^ 10,000 12; g„i /x/rp ^ 1500 yuinhos. 

3- 4. 60, 100, 900; 120, 200, 1800; 180, 300, 2700; 160, 960, 1000; 40, 800, 840; 740, 
860, 940, 1060; 220, 260, 1020, 1100, 1860, 1900; 20, 140, 700, 780, 1700, 1740. 

8-8.1 (a) At eb ~ 250?;. and Ac « —8?;., fx = 3.5; rp « 1550 12; dtp/dei, = —16 

O/volt; ai » 2.5 ma/volt; a 2 » 4.07 X lO"*® ma/(volt)2. 

(6) ai » 1.25 ma/volt; a 2 « 5.1 X 10"“^ ma/(volt)2. 

(c) ai « 0.83 ma/volt; « 1.5 X lO"'^ ma/(volt)2. 

4- 8,1 ^ 83 3.5 j rp =« 1785 12; » 1960 ^mihos. 

(6) Rb - 425 12. 

(d) For a 50-volt grid swing, Hi « 24.8 ma and i /2 =* 1.88 ma. For a 4()-V()lt 
grid swing, Hi =20 ma and i /2 « 1.25 ma. 

(e) p 0 = 1.54 watts and 1.0 watt. 

6 - 2 . Voltage gain = 40 db; current gain = 20 db; power gain « 30 db. 

6-2. (c) fx = 19 and Vp = 12,800 12 (d<;ieriiuned from the plate diagrami); Ax = 
6.42 at 60 (5ps, 9.15 at 100 cps, and 14.52 a-t 1000 cps; /i 2 « 15.1; over-all gain » 39.7 
db at 60 epH, 42.8 dl) at 100 (‘.ps, and 46.8 dV) at 1000 cps, 

(d) Ai = 19.85 at 60 cps, 27.7 at 100 cps, and 40.3 at 1000 cps; A a » 48.4; over-all 

gain = 59.6 db at 60 cps, 62.6 db at 100 <q)H, and 65.8 db at 1000 (;ps. 

(/) ho « 2 ma, Ear * 3000 12. 

6-3. Assume that the operating plate voltage is 250 volts and the bias —2 volts 
(in practice the plate supply voltage would probably l)e 250 volts and the bias about 
-1.5 volts). Then /x « 100 and rp = 66,000 12. 

Second stage: Use n « 500,000 a Then u « 58,300 12. At 10,000 (ipa, wnUx « 
0.0315 and A = Am “ 87.4. 

^ For accurate results it is recommended that the student use characteristic cxirves 
contained in the KCA Receiving Tube Handbook, or a similar handbook in which the 
curves are plotted on closely ruled graph paper. 
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First stage: Cs = 222 ji/jd. If ri = 50,000 Q and n = 250,000 12, n ~ 25,600 12; 
then = 38.4, cor/iC 2 = 0,356 at 10,000 cps; and A = 0.93Am = 35.7. n = 278,000 
12. Make canCc = 10 at 100 cps to make A = at this frequency. Then Co = 
0.057 /xf. Use Co = O.OG/xf. If ri is decreased to 25,000 12 and n = 250,000 12, 
Th = 16,900 12; then Am = 25.4, onC 2 = 0.236 at 10,000 cps, and A = 0.97Awi =* 24.6. 
n = 268,000 12. If Co = 0.06 /xf, cariCc == 10 at 100 cps, and A = Am — 25.4 at this 
frequency. 

6 - 4 . A of second stage is constant at 15.1 below 100,000 cps; A of jfirst stage is 
14.23 at 50,000 cps and 13.42 at 100,000 cps. 

6-6.^ Crest value of fundamental component of output voltage == (210 — 40)/2 = 
85 volts; A = 85/5.5 = 15.47; per cent ILz - (250 - 264)/(2 X 170) = 4.12. 

6-6.1 (a) Crest value of fundamental component of output voltage ~ (208 — 90)/2 
= 59 volts; A = 59/0.75 = 78.6; per cent Ih = 1.0. (6) n =* rir 2 /(ri + rs) 

== 333,333 12; Rb — n — 500,000 12; crest fundamental output voltage = 53 volts; 
A = 70.6; per cent Hi == 1.7. 

6 - 7.1 Crest value of fundamental output voltage = (188 ~ 38)/2 =« 75 volts; 
A - 75. (6) rp = 208,000 9; /x = 96; A = 79.5. (c) he = 0.125 ma; iC « 12,000 

12. (d) A = 40.5. 

6 - 9 . 


Frequency 

A 

Frequency 

A 

Frequency 

A 

20 

21 

550 

60 

10,000 

102 

50 

40 

1000 

60.1 

12,600 

109 

100 

52 

2000 

62.5 

16,500 

60 

200 

57.5 

5000 

66 

20,000 

36 

400 

59.7 

7000 

78 




6 - 10 . h = 0.034. 

7 - 3.1 Operating point is determined by allowable plate dissipation. Ea " 

—63 volts. (6) Load line intersects the voltage axis at 490 volts, (c) Opt. » 2.48 
watts, (d) Tb = 5780 12. (e) fp == 1500 12. (/) h » 20.8 ma; ?«, «- 2.6 watts. 
(g) Po = 2.47 watts, {h) Pi « 9.99 watts; % « 24.8 per cent. {%) Power sensi¬ 
tivity = 3.13 X 10^* mho. (j) n = 12:1. 

7 - 4.1 The following values are found by the use of Eq. (7-46): fp «- 2000 12; 
ho = 18 ma; Eho = 278 volts; Eo ^ -65 volts; Opt. Po « 1.34 watts; per cent //g » 
4.5; Tb (determined from the dynamic load line) = 13,300 12. (Note that the allow¬ 
able plate dissipation was made low in order that the problem could be solved by the 
use of plate characteristics normally available.) 

7 - 6.1 - 944 Q per ^ent Hz = 2.75; per cent Ih = 0.4; Po - 2.24 watts; * 

44.5 per cent; n = 6.89:1. 

9 - 8.1 (a) Fundamental modulation-frequency output is 15.0 volte; second- 
harmonic output is negligible. (5) Fundamental modulation-frequency output is 
19 volts; second-harmonic output is negligible. 

9 - 9.1 (< 2 ) Fundamental modulation-frequency output is 14.0 volte; see(»nd-har- 
monic output is 0.75 volt (5.35 per cent). (6) Fundamental modulatiori-fr<x|uency 
output is 16.4 volts; second-harmonic output is 1,6 volts (9.75 per cent). 

10- 3 . (a) Cca = -10 volts, (b) Acez/Aed « J. (c) po « -6900 a (d) C - 1.45 
uf; L = h75h. 

1 See footnote, p. 713. 
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6 - 11.1 A type 2A3 triode operated at E,„ = 250 volts and E, = -45 volts will 
deliver the 50 ma crest current. Crest fundamental alternating current of (120 - 

ofoo rT A ^ harmonic is obtained with a load resistance of 

2500 Q and a grid bias of -43,5 volts (-45 volts relative to mid-point of hlament). 
•^crm 2 — 4o volts for 50 ma crest current. 

Required voltage amplification of first 6SF5 r-1 2A5 r~^VI 

stage = = 43. Por the first stage use 6SP5. 

tube with 500,000-12 plate-coupling resistor, i vp/ TT^Voi/^tef 
Por En = 250 volts and Ec = -1.6 volts, , foS OscH/o. 4=> 

graphically determined Ai =71. Inputvoltage elemeni 

to amplifier for full deflection = 0.605 volt. I 1 1 * - l|ll — 

Use direct coupling in first stage and 2600-i2 A-OOV. 

resistor in serie.s with oscillograph element. ^ , 

The erreuit is shown in Pig. 6-56. Circuit of ’ U'"'). 6-11. 

the form of Pig- 5--5 could a,lso be used, but dogonerntion <!au.scd by second-stage plat.c 
current m the voltage divider or cathode resistor would reduce the soiisitivity. 

triode or 6L6 pentode, (h) For 6L0 pentode opiu-nted on 200-volt 
supply with 2000-12 load (field), plate current is 50 ma at = -10 volts and 60 ma 
at 13.5 volts (determined from dynamic transfer ehara(‘.teriHti(;). (c and d) lii^niired 
voltage amplification for first stage = 2.5/0.05 = 50. Use the circuit of Pig. 6-37 
Without the excutor. Use a 6SF5 tube in the first wtag(^; /4» « ]()() volts K ^ -1 () 

W tV500 000 ’”!^“ ^ ^ (determined grnpliieally) is 50. 

With 500,000-12 coupling resistor, A of first stage is i)2. 

“n® by graphical determination. Opt. E,, - -0.7 X 200/3.6 - 
3« volts. Use = -40 volts. Zero-signal plate diKHii)a.ti«n = 200 X 21 X 10““ 
- 4.2 watts, which IS within the allowable value, (h) Load line for 5 per cent second 
arrnonic intersects the voltage axis at 328 volts, and the current axis at 54 ma. 

(c) ip = 0.94 watt, (i) Opt. n » 6100 U, (c) « 1780 il 

It, fl^f^^diied values it cun be seen that, some increase 

in power output can be obtained, at the expense of plate eire.uit eflicieimv, bv ehanging 
the grid bias from -40 volts to -35 volts; ranging 



wetl^ 7 -1.11 
atts. ig) 1 „ =. 1.17 watts; (h) /'< » 6.3 watts; plate-circuit edhdenev is listed in 
th. foTcgob, Lblo. (i, P. . 4,3 X ml,.: 01 » - oVf„" ^ a 

nhntnt K Wrong type of amplifier tube; crest phototulie voltage too high for gas 
Should incIuTf"^ rosistanco too low; relay should be shunted by a (mndensor; cirefuit 
Z, idK phototube is incorrect (coupling resist-.r 

should be shunted by a condenser for best results) Snsisur 

‘ See footnote, p. 713. 
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13 - 2 . (a) See Fig. 13-83. (6) See Fig. 13-83, (c) For 72-ft-candle illumination, 
phototube flux = 0.5 lumen. Phototube current = 3.5 /xa- Voltage drop across 
coupling resistance = 28 volts. Bias caused by coupling-resistance drop = ~28 
volts. For Ebb = 100 volts and i = 7 ma, == -1 volt (determined from transfer 
characteristic for 1000-B load). Eequired applied biasing voltage = +27 volts. 

(d) For Ebh - 100 volts and u = 8 ma, ec == -0.5 volt. 
Acc = 0.5 volt. Ai = 0.0625 /xa. AL = 0.00893 lumen. 
Change in illumination = 1.285 ft-candles. 

13 - 3 . (a) Use the circuit of Fig. 13-11. (5) Relay closes 

at ec - —1 volt; opens at Cc = -2 volts, (d) i » 9.4 ^^a 
whenL = 0.2 lumen. Er = +9.4 volts. Ecc ® -11.4 volts, 
(c) To close relay, Er = 10.4 volis, i = 10.4 /.ta, L « 0.22 
lumen, AL = 0.02 lumen. Change in illumination recpiircHi 
to close relay = 3.2 ft-candles. A common voltages «^ipply 
may be used for anode and plate. C supply voltage causes 
the anode voltage to be one or two volts greater than 90 voltf., 
but this will have negligible effect upon the computations. 

10 - 5 . 0.83 by planimeter; 0.85 by selected ordinates. 

14 - 1 . A 25Z5 tube may be used, fp = 138 Q; Assume =* 5 il; It » 14,000 il; 
ttJR = 0.0102; o.RC = 105; C^20/xf; R./R = 0.0116; A+//+, « 1.7; K,c - 288 
volts; Ip == 160 ma; peak inverse voltage at no load ~ 338 volts. 

14 - 2 . Use full-wave, single-phase rectifier with 5YdG tul)e. For tw()-stag(^ L-scus 
tion. filter, required LC = 66.3 X 10“°. For 20,000-0 bleeder, 2600 0, an<l Li 

should exceed 5.2 henrys at full load. Li should exceed 20 henrys at minimum load. 
Use 25-henry choke. If Li drops to 12.5 henrys at full load, required comhmser capaci¬ 
tance per stage is 5.3 gf. Use 6 fA. Resonant frequency is 18.4 cps at full load. 
Voltage drop in chokes at full load is approximately 17 volts. Hequirtid secondary 
voltage is 425 volts each side of center. Effective output irapcMlamHi of tlicj filter at 
50 cps is 560 S2. Terminal voltage rises to about 365 volts at minimum load. 

14 - 3 . A 5Y3-GT tube may be used, rp » 344 0; assume /f« * 125 U; Assume 
two chokes will be used having a resistance of 75 0 each; R ** 4150 it; Use Ci «« 4 gf; 
cRC = 6.25; fp = 320 it; R./Ii * 0.113; pi » 0.09; RJR « 0.124; -0.7; 

Erma = .707(400 + 15)/.7 =a 420 volts each side of center. Rcmninch^r of solution 
is similar to that of Prob. 14-2. 

14 - 4 . The,peak inverse anode voltag(^ will be somewhat grtuiter than 4700 volts. 
A type 866A/866 mercury-vapor rectifier tube may b(5 used (s(m* traimmitting tul)o 
manual for tube data). Use a 50,000-12 bleeder and two chok<‘s, having an t*Hthnated 
resistance of 75 il each. ai « 472; LC « 40 X 10“® henrys X farads; Rt « 5520 it 
at full load; Li should exceed 11 henrys at full load; Ri » 18,950 it at minimum load; 
Lx should exceed 18.9 henrys at minimum load. Use (diokes having an inductance of 
25 henrys at no load. If the inductance falls to half this value* at full load, t In^ r(‘C|iiirod 
value of C is 3.2 /xf. Use 4-Mf condensesrs. Hesonan(*(* fiaHfuency 22,5 c‘pH at full 
load. For a tube drop of 15 volts, the required full-load secondary voltage* |)(*r anode 
is 1730 volts. 

1 See footnote, p. 713. 



Fig. 13-83.—Solution 
for Prob. 13-2. 



